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 CHAPTER 1
INTRODUCTION TO ECOCRAFT IN FRAMEWORK IV

Paul Jarvis and Belinda Medlyn

Over the past 130 years since the beginning of the industrial revolution the amount of carbon
dioxide in the atmosphere has been increasing as a result of the use we have been making of fossil
fuels - coal, oil and gas.  The concentration has risen from ca 270 µmol mol-1 (parts per million) to
365 µmol mol-1 and is continuing to rise at an increasing rate which is at present about 1.5 µmol
mol-1 per year.  With the current increasing use of fossil fuels, it is estimated that the concentration
will reach 700 µmol mol-1 by the middle of the 21st Century.

Atmospheric carbon dioxide is the basic substrate of photosynthesis by plants which absorb carbon
dioxide from the air around to grow.  This investigation has been concerned with evaluating the
effects of the increase in atmospheric carbon dioxide concentration from the present value to the
expected, future falue of 700 µmol mol-1 in the next century on the growth and physiology of young
trees.  The responses of trees are of particular significance in this regard because the forests of the
world contribute in an effective way at the present time to the removal of carbon dioxide from the
atmosphere, the storage of carbon in wood and its transfer to the soil.

The ECOCRAFT project has been in progress since 1991, first in EPOCH, then in Framework III
and now in Framework IV.  In these three programmes there have been approximately 12 Partners
throughout and they are listed at the end.  The main aim of the project in Framework IV has been to
test the hypothesis that a doubling of the global atmospheric CO2 concentration, and associated,
more local changes in climate predicted from General Circulation Models (GCMs) to occur across
Europe over the next 100 years, will not be detrimental to European forests.  The subsidiary
hypotheses to be tested are as follows:

- impacts of elevated CO2 and temperature will be limited by availability of nitrogen in
northern temperate and boreal forests and by availability of water in Mediterranean forests,
and

- a delicate balance between gains of carbon by CO2 assimilation and losses by tree respiration
and microbial oxidation of soil organic matter determine carbon sequestration in stands and
may be tipped one way or the other by rising CO2 and temperature.

1.1 Methodological Approach

The initial approach has been to expose individual young trees and groups of young trees to
elevated [CO2] over extended periods of months to years to determine their growth, phenological
and physiological responses to simulated climate change by experiment (Chapter 9).  A synopsis of
below ground responses is given in Chapter 10.  Parameters describing the responses have been
extracted from the results of the experiments and compiled into a database.  This has been followed
by meta-analyses of the parameters (Chapter 4), compilation of carbon budgets (Chapter 5), and
selection of tree stands in forest sites (Chapter 2) for subsequent predictive modelling of the likely
impacts of the future rise in [CO2] and temperature.  In Chapter 6 the portfolio of available models
are compared one with another and with independent, eddy covariance based, estimates of GPP.
Short and long term predictions are presented in Chapters 7 and 8.  These five main components of
the project are outlined below.
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1.1.1 Growth and Allocation Responses

Facilities for the experimentation have comprised open-top and open-side chambers, branch bags,
microcosms and mini-ecosystems, and whole tree chambers (Jarvis, 1998).  Long-term experiments
with whole tree chambers are continuing into the future at three main sites (SE, FI and CZ).

Early experiments in EPOCH and Framework III were done with plants growing in open-top
chambers rooted in pots but it became clear that despite best attempts to ensure an adequate supply
of nutrients, undesirable artefacts resulted from the use of pots.  Later experiments in Framework III
and subsequent experiments in Framework IV were restricted to the growth of young trees freely
rooted in the ground. The main results of the early experiments have been published in a book
(Jarvis, 1998).  The results of the experimental component of the present project are presented in
Chapter 9.

The growth and allocation responses in the recent experiments can be summarised as follows:

(a) Ontogeny is speeded up so that at any moment in time over the first five years growth is some
50 to 60% larger in elevated [CO2] than in ambient [CO2].

(b) This stimulation of growth occurs early on and subsequently is perpetuated so that difference
in size increases in magnitude as a result of this early stimulus (Centritto et al., 1999a).

(c) Because of this early stimulation, young trees are very much larger (up to 60%) after five
years’ growth in elevated [CO2] even though specific growth rates are similar.

(d) There are only small effects on allocation of mass within the trees.  When trees are compared
at the same size (rather than at the same time), it is evident that there is little or no effect on
the relative growth of roots, for example (e.g. Centritto et al., 1999b).

(e) Poor nutrition or lack of water reduces overall growth but does not materially alter these
conclusions, except in conditions of extreme nitrogen and water stress when some reduction
in response to elevated [CO2] does occur.  With moderate stress, both medium-term nitrogen-
use-efficiency and water-use-efficiency are increased in elevated [CO2].

1.1.2 Nutrition and Water Stress Responses

Depending on the soil, supplying nutrients increases growth and leaf nitrogen content by up to 25%.
This response is additive with respect to the response to elevated [CO2]: the interaction term is
generally not significant.  Thus, a 27% effect of [CO2] plus a 22% effect of nutrition results in an
overall effect of 59% (the difference between growth in ambient [CO2] with no nutrient addition
and in elevated [CO2] with nutrient addition).

Labelling the nitrogen supply with 15N in summer has shown rapid uptake of larger amounts of
nutrients in elevated [CO2]  than in ambient [CO2]  in both broadleaves and conifers.  The additional
N taken up is stored overwinter largely in the stems in alder and throughout Scots pine, and makes a
significant contribution to new leaf growth in the following year (25% in elevated [CO2]  against ca
10% in ambient [CO2] ).   Nitrogen for new leaf growth comes from the previous year’s needles in
pine, but from the stems in alder. The roots of nitrogen-fixing alder grown in elevated [CO2] have
more, smaller nodules with higher nitrogen-fixing capacity than in ambient [CO2], but the growth of
alder nonetheless responds to nutrient addition when grown in ambient [CO2].

There is an interaction between water use and nutrient supply.  Instantaneous water use efficiency is
higher in elevated [CO2] than in ambient [CO2] and when nutrients are freely available than when
they are in short supply.  The highest water use efficiency occurs in elevated [CO2] with free
nutrient supply in spruce, the lowest in ambient [CO2] with low nutrient supply.
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Drought leads to broadly similar reductions in both stomatal conductance and transpiration rate in
elevated and ambient [CO2].  Both tend to reduce more in elevated [CO2] but the difference is small
and only occasionally significant.  By contrast, in drought the relative effect of elevated [CO2] on
growth may increase by over 100% in Scots pine.

1.1.3 Below-ground Responses

A larger proportion of the CO2 fixed in photosynthesis is respired by roots and soil heterotrophs
when nutrients are in short supply than when freely available and this effect is generally enhanced
in elevated  [CO2] (Chapter 10).

Higher rates of ‘soil’ respiration (from roots and heterotrophs) occur around trees growing in
elevated [CO2] than in ambient [CO2].  This efflux potentially compensates for the enhanced influx
in photosynthesis so that net ecosystem production is proportionally less than net primary
production of the trees.  In one instance large Basidiomycete fruit bodies of mycorrhizal origin were
found associated with young birch trees growing in elevated [CO2] but not with the trees in ambient
[CO2] (Rey and Jarvis, 1997).  A compilation of the annual carbon budget for these, open grown
young birch trees (Chapter 5) has led to the conclusion that three times as much carbon was
translocated below-ground in elevated [CO2] than in ambient [CO2] and that up to five times as
much carbon was available for fine root turnover and support of mycorrhizas (Table 1.1).

Table 1.1 The annual carbon fluxes (g C tree-1 y-1) for four-year-old trees of birch (Betula pendula) in ambient or
elevated [CO2 ] (Wang, Rey and Jarvis, 1998).

Fluxes of carbon Ambient Ambient Elevated
  1 Net leaf photosynthesis 1755 3693
  2 Respiration of branches and stem 178 281
  3 Net primary production (NPP) 1577 3412
  4 Increase in branch and stem biomass 640 998
  5 Litter fall 173 263
  6 Translocation to the roots 764 2151
  7 Root growth 464 745
  8 Root respiration 285 604
  9 Turnover of fine roots and mycorrhiza 15 802
10 Net ecosystem production (NEP) 1104 1743

4, 5, 7 were measured,1, 2, 8 were modelled, others are calculated as [3] = [1] - [2]; [6] = [3] - [4] - [5]; [9] = [6] - [7] -
[8]; and [10] = [4] + [7].  We assumed that the annual amount of soil microbial respiration is equal to the amount of
litter fall, therefore the amount of soil organic carbon did not change in 1994.

1.1.4 Photosynthesis and Respiration Responses

Photosynthesis is increased by up to 60% by growth in elevated [CO2].  Fertilisation with nitrogen
also increases photosynthesis in an additive manner.  In beech (Fagus sylvatica), for example,
carboxylation capacity, electron transport capacity and leaf mass, all expressed per unit leaf area,
are similarly, linearly related to leaf nitrogen expressed on the same basis over a wide range of sites
and ages (Strassemeyer and Forstreuter, 1997). When nutrients are in short supply, stimulation still
occurs but to a lesser extent.  The effects of N supply and atmospheric CO2 concentration again are
largely additive.

A key question with respect to the increase in photosynthesis is the extent to which it may be down-
regulated after long periods of growth in elevated [CO2].  Growth in pots was found seriously to
limit the response of photosynthesis even when attempts were made to maintain the supply of
nutrients and water as optimal as possible.  However, for young trees rooted freely in the ground,
leaf nitrogen is more easily maintained and down-regulation of photosynthesis in elevated [CO2]
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occurs more rarely and to a smaller extent.  However, even with continuous nutrient supply in
irrigation water throughout the growing season, leaf [N] are less frequently in elevated [CO2] than
in ambient [CO2] and some acclimation of the maximum rate of photosynthesis occurs (up to 20%)
after three years growth.  This acclimation (or down-regulation) is related to lower leaf nitrogen
concentration in elevated [CO2] and associated reductions in concentrations of leaf nitrogen, soluble
proteins and, in particular, Rubisco amount and activity.  Notwithstanding N fixation, some down-
regulation of photosynthesis also occurs in leaves of common alder after three years.

The photosynthetic parameters, Vcmax and Amax, correlate strongly with leaf nitrogen concentration
and are highest in the leaves of trees grown in ambient [CO2] with a high rate of nutrient supply and
lowest in the trees grown in elevated [CO2] with a low rate of nutrient supply.  On average over a
number of experiments, Vcmax and Jmax are both reduced by ca 10% in the middle of the growing
season (Chapter 4).  As a result, the photosynthetic capacity of trees grown in elevated [CO2]
became less than that of trees grown in ambient [CO2]. Leaf respiration rates (leaf area basis) are,
however, unaffected by elevated [CO2] (Chapters 2 and 9).

1.1.5 Stomatal Responses

In general, stomatal conductance has been found to decline in response to elevated [CO2] but the
magnitude of the response varies greatly amongst species and from time to time stomatal
conductance may sometimes be higher in young trees grown in elevated [CO2] than in ambient
[CO2].  Whilst growth in elevated [CO2] does lead to reductions in stomatal conductance, these
were less than in herbaceous plants.  Despite these reductions (e.g. 21% in birch), stomatal
limitation of photosynthesis is less in elevated than in ambient [CO2] (Chapter 9).  On average over
the range of experiments and measurements in the growing season, stomatal conductance in
elevated [CO2] was reduced by no more than 15% below stomatal conductance in ambient [CO2].

1.2 Database

In the last two and a half years a relational database of parameters derived from the experiments and
from observations made in the stands of trees that have been modelled, together with structural
characteristics of the trees and of the stands has been compiled (Chapter 3).  The purpose of the
database is to enable generalisations to be made from the population of experiments that have been
done through the medium of meta-analysis and to provide appropriate sets of parameters for
modelling at both  individual tree and stand scale for the different species of tree that are
predominant throughout Europe.  Since the value of a parameter depends on the function used to
extract it from the data, these functions, together with details of the experiments in which the data
were obtained, are also contained within the database.  Currently the database contains
approximately 400 parameter definitions and 6,500 parameter values from 30 experiments on 15
major European forest species, as well as parameters defining 10 forest stands.

The database represents a major resource that is already in demand for use by other projects and
will ultimately be generally available in the public domain.  Whilst data continue to come in from
ECOCRAFT, it is desirable to bring in data from similar experimental programmes and to expand
the database to include other land uses such as heathlands, peatlands and grasslands.  The database
could then contribute to the next generation of projects by providing a basis for carbon management
within Europe - a requirement arising from the Kyoto protocol.

1.3 Meta-analysis

Meta-analysis has been applied to a number of processes (e.g. growth, photosynthesis, stomatal
conductance, respiration) (Chapters 4 and 5).  Meta-analysis of photosynthesis has focused on the
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magnitude of down-regulation that can occur after prolonged growth in elevated [CO2].  The
maximum rate of light and CO2-saturated photysynthesis averaged over 30 experiments was down-
regulated by ca 20%. The key  parameters in the Farquhar and von Caemmerer (1982) model, Jmax
and Vcmax were both down-regulated by no more than 10 and 11%, respectively (Table 1.2).  Meta-
analysis of the stomatal response to elevated [CO2] indicates an overall reduction in conductance of
no more than 15%, rather less than in many herbaceous species.

Table 1.2 Output from the meta-analysis of photosynthesis parameters. For each parameter, the estimate of the mean
effect size (= value in elevated [CO2] : value in ambient [CO2]) and the confidence interval on the effect size
are given. n is the number of observations, which varies between parameters as not all parameters were
measured in all experiments.

Parameter Mean Effect
Size

95% Confidence Interval n Different from 1
(at 5% level)

Amax 1.51 1.39 – 1.63 28 *
A350 0.81 0.75 – 0.87 17 *
A700 0.91 0.87 – 0.96 14 *
Jmax 0.88 0.80 – 0.98 19 *
Vcmax 0.91 0.85 – 0.98 19 *
Nmass 0.85 0.79 – 0.92 27 *
SLA 0.90 0.86 – 0.94 18 *
Narea 0.96 0.84 – 1.09 16
Chlarea 0.94 0.82 – 1.07 18
Starch 1.37 1.03 - 1.83 18 *
gs 0.86 0.78 - 0.94 16 *

1.4 Forest Stands

To apply the results obtained in this and earlier phases of ECOCRAFT, 10 Partners have selected
forest sites appropriate to their region and to their experimental programme.  These forest sites have
been characterised with respect to climate, species of tree, stand structure, tree structure, physiology
and soils (Chapter 2), so that each stand could be modelled with respect to its functioning in the
present climate and in future [CO2] and temperature climates predicted for the region by a general
circulation model (GCM).  A number of the forest sites selected are also sites at which CO2 and
water vapour fluxes are being measured at stand scale in the EUROFLUX project.  This has
provided the added advantage of enabling the initial predictions of functioning in the present
climate to be compared against long-term measurements of net ecosystem productivity.
Physiological parameters for the trees in the present and future climates have been derived from the
experiments and obtained from the database for the purposes of this modelling.

1.5 Modelling

The aim of the modelling component of the project is to make predictions of the likely responses of
forest stands to the likely increases in CO2 and temperature over the next 100 years.  Almost every
Partner brought an existing model to the project so that an early activity was to compare the
structure and contents of the models and to rationalise the functions used to describe key processes
by agreeing on a state-of-the-art representation of the process.  Subsequently, the models have been
tested in two different ways.  Firstly, comparisons have been made of the models one with another
using the same parameter sets and environmental data: agreement amongst the models compared in
this way has been generally good.  Secondly, the output of the models has been compared with
respect to carbon flux measurements made by eddy covariance at individual flux sites in the
EUROFLUX programme and against carbon budget measurements made in microcosms (Chapter
6).  Both sets of comparisons have yielded broadly satisfactory results (e.g. Figure 1.1).
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Figure 1.1 Daily GPP estimated using the BEWDY model (Medlyn, 1996) compared to measured fluxes in a Berlin
mini-ecosystem experiment (Forstreuter, 1995).  Filled symbols: ambient [CO2] treatment; empty symbols:
elevated [CO2].  The dashed line indicates the 1:1 relation (see Chapter 6).

Short term predictions of the effects of rising CO2 at stand scale have indicated that in some species
both assimilation of carbon and loss of water are likely to increase (Chapter 7).  The projected
increase in temperature exaggerates these trends.  The size of the effect depends on whether
commensurate amounts of nitrogen can be taken up or whether nitrogen is diluted within the trees
by the enhanced uptake of carbon.  These predictions suggest that stands of species such as birch
are likely to be very responsive whereas stands of spruce, on the other hand, are likely to show only
little response (Chapter 5).  Longer term simulations of up to 100 years (Chapter 8) demonstrate the
importance of including the feedbacks between elevated [CO2], rising temperature and nutrient
availability.

Even in northern parts of Europe where temperatures are extreme, forest growth is greatly
stimulated by the application of nutrients: growth of spruce has been increased by five times at
Flakaliden (64 ºN) in northern Sweden (Bergh et al., 1999).  The availability of nitrogen is crucial,
so that the concentration of nitrogen within the trees can be maintained when growth is enhanced in
an elevated [CO2] environment.  The deposition of atmospheric nitrogen (wet and dry) of between 5
and 50 kg ha-1 across Europe is likely to have a major impact on the capability of forest stands to
continue to respond positively to the rise in atmospheric [CO2].

Simulations including feedbacks between [CO2] , [N] and temperature (Figure 1.2) suggest that the
existing carbon sinks in forest stands will be maintained for the next 100 years, contrary to recent
naïve simulations which do not include these feedbacks.  Whilst only time will verify these
predictions, they are consistent with results from the ongoing soil warming experiment at the same
site.  This experiment shows that the NPP of both fertilised and unfertilised pole-stage stands has
been increased by 30 and 60%, respectively, over the initial five-year period of warming, as a result
of enhanced turnover and mineralisation of the readily metabolisable organic matter.  Furthermore,
the 'soil' CO2 efflux from root and heterotroph respiration has now equalised in the warmed and
unwarmed treatment areas.
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Figure 1.2 The simulated dynamic response to a gradual increase in both temperature and CO2 concentration at
Flakaliden. The simulation was initiated by running G'DAY to equilibrium under conditions of temperature
and CO2 concentration prevailing prior to the industrial revolution. The model was simulated from 1800 to
1990 using constant temperatures and measured CO2 concentrations. After 1990, temperature was increased
at a constant rate of 0.02oC a-1 while CO2 followed the IPCC IS92a scenario. Simulated NPP, heterotrophic
respiration and C sink are shown for a period of 110 years (see Chapter 8).

It is now clear that to scale up in time more needs to be known about the long-term interactions
between global change and stand processes, and particularly what may happen at or beyond canopy
closure in older trees.  Will the effects that are evident in young trees up to six-years-old be
maintained when the canopy closes in a young stand and as the trees age? Secondly, do we
understand sufficiently well the interactions and feedbacks amongst the global change variables and
stand-scale processes, or are there additional feedbacks that we need to include?  Thirdly, adequate
scaling up in space across Europe waits on the availability of a GIS of Europe’s forests with
sufficient co-registered detail of forest tree properties, compartments, soils, topography and
weather.
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CHAPTER 2
DESCRIPTION OF FOREST STAND SITES

Mark Broadmeadow and Paul Jarvis

2.1 Introduction

The aim of the forest stand experiments was to select forest stand sites for which research
infrastructure was in place and could therefore provide both access and existing data for model
parameterisation. Model parameterisation was then to be completed at these sites, enabling both
long and short term model simulations of fluxes and/or growth to be carried out. This approach has
utilised many sites in common with the EUROFLUX project (ENV4-CT95-0078) in order to
provide (Eddy covariance) flux data. The disparate nature of the models, and thus of the parameters
required for successful simulations results in a wide range of measurements that need to be
undertaken, including assessments at the stand, tree and leaf scale.

Two of the sites (Flakaliden and Collelongo) were selected for intensive modelling work, with the
intention that short term fluxes were to be simulated by all applicable models. A complete list of
parameters were derived for these two stands to allow flux simulations, and in addition, the same
was true for two further sites (Brasschaat and the Straits), where flux simulations were carried out
using only the partners own model (SECRETS and GROMIT respectively; see chapter 7). The other
forest stand sites provided some parameter inputs where the species was the same as at one of the
two intensively monitored sites, or for use in long-term models at sites not represented by flux data.

This chapter aims firstly, to provide descriptions of the structure and climate of the forest stand
sites, and secondly, to present physiological and structural data which were measured at the majority
of sites. These data are used as input to both the short and long term model simulations presented in
Chapters 6, 7 and 8, and the variation in parameter values will be discussed in this context.

2.2 Stand Descriptions and Locations

The forest types represented by the stands described in this chapter range from boreal conifer
through lowland broadleaf and conifer, both oceanic and continental in nature to upland temperate
conifer and broadleaf (see Table 2.1 and Figure 2.1). In some, the trees are the only vegetation
present, whilst others have a significant understorey, which stretches to the boreal sites, where there
is no closed canopy. The management history of the stands also varies greatly, largely reflecting
land use and land use changes in the respective countries; three of the sites represent afforestation,
with the remainder reforestation, either by planting or natural regeneration - there are no old growth
forest sites. The fact that sites have been established or influenced by forestry intervention has
resulted in more homogenous, and certainly in the case of most, mono-specific stands, facilitating
modelling activities.
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Table 2.1  Site details of the ten forest stand sites. For site history, A represents afforestation and R, reforestation, with
less than 30 years gap between the previous and current rotations. NR signifies that the reforestation was
through natural regeneration, and P, through planting. * signifies that the site has been recently thinned
(within the last five years. Nitrogen deposition is expressed as the deposition of both oxidised and reduced
nitrogen species.

Partner Site name Latitude longitude Altitude
(m)

Slope
(o)

country Nearest
town

Site
history

Total N
Deposition
(kg ha-1 a-1)

1 Griffin 56 37 N 03 48 W 340 5.6 Scotland Aberfeldy A 8
2 Grunewald 52 28 N 13 18 E 50 0 Germany Berlin R, NR 15
3 Hesse 48 40 N 07 05 E 300 5.6 France Sarrebourg R, NR* 16
5 Collelongo 41 52 N 13 38 E 1550 11 Italy Avezzano R, NR 10
6 Straits 52 09 N 00 52 W 80 2.0 England Farnham R, P* 7
7 Vielsalm 50 17 N 05 55 E 495 2.0 Belgium Vielsalm R, P 16
8 Brasschaat 51 18 N 04 31 E 16 .03 Belgium Antwerpen A* 90
9 Flakaliden 64 07 N 19 27 E 315 2.9 Sweden Umea R, P 4
10 Mekrijarvi 62 47 N 30 58 E 145 0 Finland Joensuu R, NR 3
12 Bily Kriz 49 30 N 18 32 E 908 13.5 Czech

rep.
Frydek-
mistek

A

In addition to the influence of climate, latitude and altitude, nitrogen deposition is probably the
other limiting factor for growth in some sites (Flakaliden, Mekrijarvi and Griffin). With the
exception of Brasschaat, the other sites are unlikely to be nitrogen deficient at current growth rates,
but neither are they oversupplied with nitrogen. Brasschaat is the one exception to this, where
deposition rates are more than five times that of any other site. However, it is interesting to note that
the total nitrogen deposition values given here are well below those predicted by regional models of
nitrogen deposition to forest ecosystems (e.g. Fowler et al., 1998). In part this is a result of dry
deposition by nitrogen assimilation not being included in the estimates presented here, and also in
the ICP forests survey of nitrogen deposition to woodland (UN-ECE, 1999). This fact should be
born in mind when the nitrogen limitation of growth in long-term models is assessed. Further
quantification of nitrogen deposition to forest ecosystems is needed before accurate estimates of
future growth can be arrived at.

2.3 Climate

The ten forest stands that have been used for both model parameterisation and simulation cover a
wide range of climatic conditions.  Flakaliden and Mekrijarvi are both classified as ‘cold’ according
to the classification of Miller (1931; 6-9 months below 6 oC), with minimal winter solar radiation
and sub-zero winter temperatures. They also have the lowest annual solar radiation values, which as
would be expected, correlates well with latitude (Figure 2.1; r2 = 0.87). Consequently, these two
stands have the shortest growing season (see Table 2.4), and they also have the largest summer –
winter temperature differences (19.3 and 25.1 oC respectively).
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Figure 2.1 Climate diagrams for the ten forest stand sites; monthly mean temperature (oC), precipitation (mm) and global
radiation (MJ m-2) are represented by continuous lines, vertical lines and columns, respectively. Radiation
data are not available for Grunewald, or the winter months for Bily Kriz. Precipitation and temperature data
for Bily Kriz are interpolated 1961-90 baseline data from the HADCM2 dataset.
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Table 2.2 Summary of climate data for the ten forest stands sites. Data are expressed as annual, winter (December,
January, February) and summer (June, July, August) average temperature, and total precipitation and
radiation.

Bily K. Brass. Coll. Flak. Griffin Grune. Hesse Mekri. Straits Viels.
Precipitation
(mm)
Annual 1155 766 1205 587 1010 588 881 606 779 758
Winter 247 189 258 117 296 128 280 110 220 214
Summer 358 200 74 202 161 194 280 220 161 194
Temperature
(oC)
Annual 6.6 9.8 6.5 1.9 9.5 9.0 9.6 2.1 9.5 8.0
Winter -2.1 3.1 -0.3 -6.8 3.8 0.4 1.7 -10.2 3.8 0.9
Summer 15.6 16.8 16.1 12.5 15.6 17.7 17.4 14.9 15.6 15.4
Summ.-Wint. 17.6 13.7 16.4 19.3 8.7 18.1 15.7 25.1 11.8 14.5
Radiation
(MJ m-2)
Annual - 3598 4459 3048 3445 - 4115 2379 3445 4059
Summer - 281 489 99 249 - 304 51 249 267
winter 1502 1519 1826 1473 1486 - 1634 1251 1486 1697

Mekrijarvi has a continental influence evident in the larger summer-winter temperature difference
and summer peak of precipitation (‘cold continental’), whilst Flakaliden tends more towards a ‘cold
maritime’ climate. In contrast to the two boreal, or ‘cold climate’ sites, Griffin experiences the
smallest temperature variation, with a summer - winter difference of 8.7 oC.  This is largely because
of the influence of the Atlantic Ocean, and as such, Griffin experiences a ‘cool temperate maritime’
climate. The Straits and Brasschaat have almost identical climates, again with a maritime influence
evident. Hesse, Vielsalm and Grunewald are broadly similar with more of a continental influence
evident in the larger temperature variation (14.5 – 18 oC), and Grunewald would be classified as
cool continental according to Miller (1931), with a summer maximum of rainfall.

Figure 2.2 Global radiation expressed as a function of latitude for the ten forest stand sites. Data are shown for winter
(December, January, February; r2=0.94) and summer (June, July, August; r2=0.68) in addition to annual
values (r2=0.86).
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The climate data for Bily Kriz are not site specific, having been derived from the HADCM2 baseline
(1961-1990) data-set and thus represent a large area which may not be representative of the Beskedy
mountains. However, geographically it is in the ‘cool continental’ zone, although this is probably
modified to ‘cold continental’ by altitude. Collelongo has a relatively large summer - winter
temperature difference (17.4 oC), and a far higher radiation input both in summer and winter as a result
of its latitude (42o north) than any other site. In winter, the radiation input is almost twice that of the
three 'cool continental' and three 'cool maritime' sites, whilst in summer, the difference is less.
Although geographically it is in the ‘warm temperate (Mediterranean)’, this again is modified by
altitude to a ‘cool temperate maritime’ climate. Collelongo is also unique in its distribution of
precipitation; although it receives the most precipitation of any site, it receives less than half of any
other site during the summer months, with the majority of rainfall occurring in spring and autumn.
Other sites with high annual precipitation are Bily Kriz and Griffin, with Flakaliden and Grunewald
receiving the least. Both the Straits and Griffin receive a lower proportion of rain in the summer
months than in the rest of the year.

The ten sites can thus be divided into four climatic zones – cold maritime (Flakaliden), cold
continental (Mekrijarvi, Bily Kriz); cool temperate maritime (Griffin, Straits, Brasschaat, Collelongo);
cool temperate continental  (Hesse, Grunewald, Vielsalm). The ‘cold climate’ stands are unlikely to be
water limited, whilst the opposite may be true for some of the maritime and continental sites,
especially Collelongo and the Straits as a result of their rainfall distribution. These differences in
climate may have important implications for predicting the effects of rising atmospheric CO2
concentrations and rising temperature on tree growth. It should also be born in mind that the
predictions for climate change are latitude dependant, with large rises in winter temperature (up to 6
oC) expected for boreal regions, as opposed to the more uniform 2-3 oC rise expected in the more
southerly areas throughout the year.

2.4 Stand and Tree Structure

Table 2.3 Productivity indices and associated data for the ten forest sites. MAI (mean annual increment) is expressed
using UK Forestry Commission forest management tables (Edwards and Christie, 1980), and is based on
empirical height - age relationships. MAI is also expressed in tonnes of carbon (see text for derivation).
Values of LAI (leaf area index) are on a projected area basis and NPP is expressed as dry matter production.

site Species density MAI LAI NPP NEP NEP/
MAI

trees ha-

1
m3 ha-1 a-1

(t(C) ha-1 a-1)
m2 m-2 t ha-1 a-1 t(C) ha-1 a-1

Griffin Picea sitchensis 2000 16  (3.7) 7.0 7 6.2 1.7
Grunewald Pinus sylvestris

Quercus robur
196
973

8 (2.1)
4 (1.5)

2.8

Hesse Fagus sylvatica 3480 8 (2.9) 5.6 13.4 2.6 0.9
Collelongo Fagus sylvatica 885 4 (1.5) 5.4 6.2 5.7 3.8
Straits Quercus spp. 755 6 (2.2) 4.8 3.6 1.6
Vielsalm Pseudotsuga menziesii

Fagus sylvatica
204
69

20 (4.6)
10 (3.7)

5.2
5.0

4.8 1.0

Brasschaat Pinus sylvestris 556 10 (2.6) 2.4 12 1.0 0.4
Flakaliden Picea abies 2500 ~1 (~0.2) 2.1 1.9 9.5
Mekrijarvi Pinus sylvestris 2200 2 (0.5) ~2.5 5
Bily Kriz Picea abies 2670 12 (2.8) 7.2



14

Table 2.4 Tree structure and dimensions for the ten forest stand sites

site Age
(years)

Height
(m)

DBH
(cm)

Green crown
length (m)

Leaf area
(m2 tree-1)

Photosynthesis
(weeks)

Griffin 18 9.0 10.0 8.0 35.0 52
Grunewald   (P.s)

(F.s)
90
40

21.9
10.5

38.2
11.4

8.3 51
23

Hesse 30 13.0 7.2 6.0 16.1 24
Collelongo 100 18.6 21.2 10.2 60.6 24
Straits 65 18.4 21.2 8.2 61.0 24
Vielsalm     (P.m)

(F.s)
60
60

35.0
27.0

53.0
32.0

18.2
14.3

214 52
24

Brasschaat 67 23.0 26.8 6.0 55.2 52
Flakaliden 34 4.9 7.0 4.4 8.4 30
Mekrijarvi 25 3.0 3.1 2.7 30
Bily Kriz 20 7.3 8.9 6.8 26.9 40

As expected from the spread in stand age (18-100 years) and management intervention, there is
much variation in the structural properties of the trees and stands described here. Tree density varies
by an order of magnitude, ranging from 274 trees per hectare at Vielsalm to 3480 at Hesse. There is
little relationship between stand density and leaf area index, with all three broadleaf canopies
showing similar values around 5, whilst the two young closed spruce canopies (Griffin and Bily
Kriz) had higher values of approximately 7. In contrast, the overmature (in production terms) pine
stand at Brasschaat and the spruce stand at Flakaliden had lower leaf area indices of 2. However, if
the bare ground at Flakaliden is discounted, LAI would be 5.2.  Mean annual increment (MAI; see
Table 2.3) provides an indication of site index. The values presented in Table 2.3 are derived from
UK Forestry Commission management tables (Edwards and Christie, 1980), which are based on
empirical height-age relationships, with the results expressed as volume production. It should be
born in mind that these relationships are for UK conditions and represent the mean annual
increment over the rotation of the crop, rather than the mean annual increment at the time of
measurement of NEP. MAI has also been expressed in terms of carbon production, assuming carbon
densities of 0.275 t m-3 for beech and oak, 0.41 t m-3 for pine and 0.36 t m-3 for spruce and fir
(Dewar and Cannell, 1992). An estimate of the carbon content of branches and woody roots has also
been included (28 and 34% of stemwood volume for conifer and broadleaf species respectively;
Dewar and Cannell, 1992). These derived values represent the mean rate of conversion of CO2 into
wood over the rotation length. Net ecosystem productivity of the ten sites is also shown in Table
2.3. As would be expected, the young Sitka spruce stand subjected to an oceanic climate (Griffin)
shows the highest net ecosystem carbon flux, whilst the nitrogen and temperature limited boreal
sites show the lowest fluxes. If these values of NEP are compared with those of MAI expressed as
carbon ‘MAI(C)’ carbon, it is evident that in some cases, net ecosystem productivity is much larger
than that predicted from wood increment alone over the rotation length, particularly at the boreal
sites. At these sites, either the ground vegetation is making a significant contribution (for example
after a thinning intervention which may explain the value of 1.6 for NEP/MAI(C) at the Straits) or
as a result of the build up of carbon in the soil, where litter production is faster than decomposition.
This is certainly likely to explain the very high values of NEP/MAI(C) at the boreal sites, and also at
the recently afforested Griffin site where litter build up especially of leaf litter is likely to proceed
rapidly in the decades following afforestation. The high value of NEP/MAI(C) at Collelongo may
also indicate the build of carbon in the soil, although it does appear to be particularly high. Vielsalm
and Hesse both have ratios close to unity as a result of being mature and young stands respectively,
whilst the value of 0.4 at Brasschaat is indicative of the overmature nature of the stand.



15

The climatic differences between the sites is evident in the length of the photosynthetically active
period of the year. In the case of the conifer species, this periods stretches from 30 weeks for the
boreal sites, to the entire year at Vielsalm, Griffin and Brasschaat. All broadleaf stands have very
similar photosynthetically active periods of 23-24 weeks, which may reflect similar spring
temperature sums for the sites (Hanninen, 1990), even though their climates are markedly different
(see Tables 2.2 and 2.4).

2.5 Leaf Properties

Table 2.5. Structural and physiological properties of foliage in the forest stands. Minimum and maximum observed
values are given for all parameters. *Signifies mid canopy sample only.

SITE MLA
(g m-2)

N
(g m-2)

Amax
(µµµµmol m-2 s-1)

Vmax
(µµµµmol m-2 s-1)

Jmax
(µµµµmol m-2 s-1)

Gs
(mmol m-2 s-1)

min max min max min max min max min max min max

Griffin 212 278 1.90 2.20 12.7 20.7 34 38 71 131
Grunewald 65 101 1.96 3.02 10.6 21.1 91 151 107 191 64 144
Hesse 27 95 0.65 2.30 5.0 11.0 220
Collelongo 32 103 0.70 2.34 4.7 12.6 17 49 38 122 33 185
Straits 37 99 0.96 3.18 3.4 11.3 23 64 52 181 118 222
Vielsalm 102 175
Brasschaat 111 200 2.00 4.00 20.0 30.0 70 90 140 220
Flakaliden 279 446 2.12 3.06 8.3 10.6 67* 145*
Mekrijarvi 206 422 2.14 3.58 4.6 17.9 17 60 44 126
Bily Kriz 128 263 2.02 4.15 2.3 4.0 30 46 92 95 267 562

Within each forest stand, there is a large amount of variation in the structural and physiological
properties of the leaves, largely related to canopy position and average incident radiation levels
(Kull and Jarvis, 1995). These responses to varying radiation environments are manifested by lower
specific leaf area, higher values for the photosynthetic parameters Jmax and Vmax, higher nitrogen and
chlorophyll content when expressed on an area basis (although when expressed on a dry weight
basis, these parameters are relatively conservative), higher respiration rates and higher light
compensation points for photosynthesis. These relationships between canopy position and these
parameters are shown in Figure 2.3, for the Straits site, an oak stand in England.

Figure 2.3 Variation in physiological parameters at the Straits forest stand site in England.
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Table 2.5 presents minimum and maximum values for the physiological parameters across all of the
forest stand sites. As shown in Chapter 5, many of the physiological parameters are related to
nitrogen concentration, and these relationships do indeed hold when all sites are included (Figure
2.4). The highest correlation was observed for the relationship between Jmax and N (r2=0.69) with
poorer fits for the regression on Vmax (r2=0.34; data not shown) and Amax (r2=0.49). The poorer fit
with Amax is not surprising, since Amax does include variability as a result of stomatal limitation of
CO2 assimilation. However, the difference between the Jmax and Vmax regressions on foliar nitrogen
content suggests inconsistencies with fitting the model of Farquhar et al. (1980) to experimental
data, as shown by the deviation in the relationship between Jmax and Vmax, which theoretically should
assume a value of 2.0 (Figure 2.4c).

(a) (b)

(c)

Figure 2.4 Relationships between a) Jmax and foliar nitrogen concentration (Jmax=50.1[N]+1.1; r2=0.69); b) Amax and
foliar nitrogen concentration (Amax=5.4[N]+0.5; r2=0.49); c) Jmax and Vmax for the forest stand sites. Nitrogen
content is expressed on a projected area basis. All data (minimum and maximum values) from Table 2.5 are
included with the exception of the data for Bily Kriz in a) and b), where significant deviations from the model
of Farquhar et al. (1980) were evident.  For Flakaliden, where only mid canopy values for Vmax and Jmax were
available, they were regressed on average [N] (min+max/2).  The line in (c) ha a slope of 2.0.

Although the photosynthetic parameters are well represented in these forest stand studies, as with
the impact studies in controlled environment facilities (Chapter 5), there are limited parameters
available for stomatal conductance. For this reason, many of the conductance parameters used in the
model simulations were those derived in Chapter 5. As with the photosynthetic parameters, there is
obviously a dependence of conductance on canopy position, or the radiation environment of the
leaves. This is to be expected, given the observed relationship between stomatal conductance and
PFD (e.g. Jarvis, 1976).
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2.6 Soil Properties

Few sites have full parameter lists for soil properties. However, these will be highly dependent on
soil type, for which a number are represented (Table 2.6) with podzols the most common. The
distribution of the soil types also leads to a dominance of acid soils. The four sites for which soil
organic matter (SOM) show a very wide range of values, from 2-10 t(C) ha-1 at the Straits to 220
t(C) ha-1 at Collelongo. This high value at Collelongo does support the hypothesis that the large
NEP in comparison to MAI(C) (see section 2.4) is a result of rapid carbon build up in the soil. The
soil and rooting depth is highly relevant to both long and short term modelling, with impacts upon
water availability and drought, stablility and carbon sequestration and nitrogen cycling.

Table 2.6. Soil properties for the forest stand sites. For uniformity, all soils are classified using the FAO system. Only
broad classifications are given as a result of the limited descriptive data.

site FAO soil type SOM (tC ha-1) Soil depth (cm) Root depth (cm) pH (in water)

Griffin Ferric luvisol 70 3.8
Grunewald Ferric cambisol 450 3.0-4.8
Hesse Gleyic luvisol 80 120 120 5.0
Collelongo Calcic luvisol 220 50-150 5.6
Straits Eutric vertisol 2-10 <100 53 4.4-4.8
Vielsalm Dystric cambisol
Brasschaat Podzol 115 200 105 3.8
Flakaliden Podzol
Mekrijarvi Podzol
Bily Kriz Ferric podzol 80 35-55 5.0

2.7 Conclusions

The data presented in this chapter represent only a small part of the work that has been carried out
on stand characterisation. It does not include the considerable effort that has been put into the
measurement of such diverse processes as radiation interception, soil respiration, litter
decomposition and nitrogen cycling. All are important to the modelling activities that are described
in later sections, but as stated in the introduction, the diverse nature of the models and their input
parameters precludes the production of a broad range of parameters measured at the majority of
sites. However, in addition to the general site descriptions given here, these data have demonstrated
a broad agreement between sites in the relationships between nitrogen content and photosynthesis
(and respiration) parameters, which is highly relevant to regional and long term modelling.
Furthermore, these measurements have highlighted the large degree of variation in model
parameters that is present at each single site, indicating the need for a comprehensive treatment of
canopy structure when modelling ecosystem carbon fluxes.

Although this chapter has demonstrated considerable progress in stand characterisation, an area
where both this and other projects may fail, is in identifying the effects of rising CO2 concentrations
and climate change on canopy structure (e.g. leaf area index; see Chapter 9), and their knock-on
effects on ecosystem balance and stand growth  It should also be born in mind that comparisons of
measurements of carbon exchange through both micro-meteorological techniques and modelling
with estimates through traditional mensurational methods can provide insight into longer term
ecosystem function.
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CHAPTER 3
DESIGN AND USE OF A DATABASE OF MODEL PARAMETERS FROM

ELEVATED [CO2] EXPERIMENTS

Belinda E.  Medlyn and Paul G.  Jarvis

3.1  Introduction

In this chapter we describe what was in many ways the centrepiece of the project: the parameter
database.  The main aim of establishing this database was to ensure that the information obtained in
the experimental studies was used to the fullest extent in the modelling work.

There are several major factors which impede the flow of information between experimental studies
and models: appropriate data from experimental studies may be difficult and time-consuming to
locate in the literature; once found, it may not be in an appropriate form to extract model
parameters; and it may be difficult to generalise quantitatively from experimental results.  Thus, the
aim of the database was to store and synthesise experimental data in such a way as to make it much
more accessible to modellers.  Several key features of the database helped to address this aim.  First,
model parameters are stored, rather than raw experimental data.  The parameters are derived from
data by experimentalists according to methods developed in consultation with modellers.  The
information stored is thus directly obtained from experiments, but is also immediately available for
use by modellers.  The second key feature is the storage of extensive meta-data, including details of
experimental design and measurement protocol, parameter definitions, statistics indicating
variability in parameter values, and references.  The meta-data aid modellers using the database to
interpret parameter values correctly.  Thirdly, the database is implemented using a relational
structure, allowing the user to search it easily and efficiently.

In this chapter, we document the structure of the database.  The structure is flexible and generic and
could easily be adapted to suit other fields of research.  We illustrate the use of the database and
finally, we discuss the advantages and disadvantages of this database structure.

3.2  Database structure

3.2.1 Overview

The information stored in the database is in the form of model parameters, derived from both
elevated [CO2] experiments and studies of natural forest stands.  The model parameters cover
physiological processes, such as photosynthesis, stomatal conductance, and respiration, and stand
structural characteristics, such as leaf area and diameter distribution.

The structure of the database is illustrated in Figure 3.1.  The central table is the Parameter Values
table, which contains the values of model parameters derived from data.  The other tables give
supporting information.  Statistical information about parameter values is stored in the Regression,
Regression Ranges, and Distribution tables.  The parameters are defined by the Parameter Name,
Equation, and Variable Name tables.  Information about the experimental procedures used is stored
in the Site, Experiment, Species, Measurement, and Treatment tables.  The Institution, References,
and Data Providers tables provide sources of additional information and also attribute the data.  Full
definitions of each of the database tables are given in the Appendix.
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Figure 3.1 Database structure.  Arrows indicate links between tables.  Single-headed arrows indicate one-to-many
relationships, and double-headed arrows indicate many-to-many relationships.  Many-to-many relationships
are implemented with additional tables containing the ID fields of the table entries that they join.

3.2.2 Parameters

The parameters are classified by process type (for example, photosynthesis, stomatal conductance,
etc.) The list of parameters to be stored in the database was developed by discussion groups that
included both experimentalists and modellers.  Each discussion group focused on a particular
process.  The groups began with lists of parameters required by all models.  It was found that many
models used parameters which were similar in nature but which differed slightly in definition.  The
discussion groups agreed to standardise the parameters used by models, reducing redundancy in the
parameter lists.  The groups also developed clear guidelines for derivation of these parameters from
experimental data.

The agreed definition of the parameters is an integral part of the database, allowing users to be
confident of the interpretation of any given parameter.  The definition is given in three tables:
Parameter Name, Equation, and Variable Name.  The Parameter Name table includes a short
identifying name for the parameter, a text definition, the units, and minimum and maximum values
which are used for error-checking.  This table is linked to the Equation table, which gives the
equation defining the parameter and a journal reference for further information.  Any additional
variables which are used in the equation are defined fully, and their units given, in the Variable
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Name table.  A full definition of a given parameter is therefore given by the definition in the
Parameter Name table, the equation in the Equation table, and the definitions of all other Parameter
Names and Variable Names used in the equation.

It is straightforward to add new parameters to the database, if desired, by adding a new entry to the
Parameter Name table, and corresponding entries in the Equation and Variable Name tables.  The
database thus has considerable flexibility.

3.2.3 Parameter Values

The central table in the database is the Parameter Value table, which contains the actual parameter
values.  Additional information required about each parameter value includes the species it was
obtained from (for multi-species experiments), the date measurements were made, and the
temperature for which the parameter value applies.  Two additional columns - Category Type and
Category - allow further classification of the parameter value.  At present, Category Type may be
the canopy layer, the foliage age class, or the diameter class.  Where Category Type is specified, the
Category column must contain a numerical value indicating the category for that parameter value.
An example might be photosynthetic rates specified for three different age classes of foliage.  In
this case, there would be three entries in the Parameter Value table, each with Category Type equal
to 'Age Class', and with Category equal to 1, 2 or 3, where 1 indicates the youngest foliage and 3 the
oldest.

An important adjunct to the parameter values is statistical information, which allows the user to
evaluate the accuracy of a given parameter value and also provides a basis for error analysis in
models.  The statistical information provided is of three types: standard deviation, regression details
and frequency distributions.

Standard deviations (SDs) are required for parameter values which are measured directly, for
example leaf chemical concentrations.  Two alternative standard deviations are required: the
replicate SD and the total SD, each representing different sources of variation.  In a typical elevated
[CO2] experiment, the unit of replication is a chamber, such as branch bag or open-top chamber.
Generally, several measurements will be made in each chamber.  The replicate SD is obtained by
calculating the mean for each chamber and taking the SD of these chamber means.  The total SD is
calculated as the SD of all measurements.  As an example, consider an experiment with three
replicate chambers of each treatment.  Five measurements of a parameter value are made in each
chamber.  The Replicate SD is calculated by taking the mean of the five measurements for each
chamber and calculating the SD of these three means.  The number of observations (No of
Replicates in the Parameter Value table) is three.  The Total SD is calculated as the SD of all 15
measurements, and the number of observations (No of Observations in the Parameter Value table) is
15.  The two SDs provide different types of information: the replicate SD is required when
estimating the [CO2] effect on a parameter, while the total SD indicates the overall variability of a
parameter, a property which is useful for modellers.  Other measures of SD could also have been
specified, partitioning even more carefully the observed variance, but this would have required
considerable further work for those contributing the data.

Parameters can also be obtained by fitting a regression equation to the data.  In this case, regression
statistics rather than standard deviations are required.  These statistics include: the standard error of
each estimated parameter, the franction of the variation explained by the regression (r2), the number
of data points, and the range of data values over which the regression was fitted.  These details are
stored in the Parameter Value, Regression, and Regression Ranges tables.
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Finally, for some parameters, it was considered desirable to store a distribution of measured values,
along with the mean value.  For example, for forest stands, the diameter-class distribution is stored
as well as the mean stem diameter.  These values are stored as a frequency distribution in the
Distribution table, which has the following fields: Parameter Value ID (creating a link back to the
Parameter Value table), Class, and Frequency.

3.2.4 Experimental Procedures

It was essential to include in the database meta-data describing the experimental procedures used to
obtain each parameter value.  Such information allows the user to judge the utility of a given value
for a particular purpose.  This background information is chiefly contained in the Experiment and
Measurement tables.

The Experiment table gives general information about the experimental design such as the species,
enclosure method, experiment length, growth conditions, and treatments applied.  The definition of
an experiment was taken to be the application of a consistent set of treatments to the same plants for
a defined period of time.  In most cases, individual experiments were quite distinct, but in others the
delineation was not so clear.  For example, one group carried out a lengthy experiment, during
which a shading overstorey was removed and split-plot fertilizer treatments were introduced (Laitat
et al.  1994, 1999).  In another example, plants were grown in elevated [CO2] for two years, then
coppiced and allowed to re-grow for a further year (Will and Ceulemans, 1997).  In both these
cases, the different sets of experimental conditions were taken to constitute separate experiments.
In a further example, experimental branch bags were established over two years and then operated
for two further years (Kellomäki and Wang, 1997).  This case was treated as a single experiment,
but branch bags established in different years were taken to be different experimental treatments.

The treatment conditions are defined in detail in the Experiment table.  There is also a Treatment
table, which is used to identify the treatment conditions pertaining to each parameter value.  The
Treatment table contains fields describing all possible treatments that could be applied in these
experiments: [CO2], Temperature, Nutrients, Water, Enclosed, and Ozone.  The possible levels for
these treatments were defined in advance.  For example, the [CO2] field takes a numerical value
describing the mean [CO2]; the Enclosed field takes a Yes/No value; and the Nutrients and Water
fields take values of 'Low', 'Intermediate' or 'High'.  Although these latter values seem subjective, it
is possible to evaluate nutrient and water availability more objectively by referring to the
information available in the Experiment table.

Two special cases required additional procedures: the case where no treatments were applied (e.g.
when parameters were obtained from an extant forest stand), and that where parameter values were
obtained by lumping values from separate treatments.  The case where no treatments were applied is
dealt with by defining a single treatment, labelled 'Natural Conditions'.  As an example of the
second special case, suppose that values from low and high nutrient treatments were combined.
Here, an additional treatment must be defined, for which the 'Nutrients' field is left blank, and the
'Lumped' field is set to 'Yes'.

The Measurement table gives details of particular measurements made.  Examples of measurements
include gas exchange, leaf chemical concentration, and destructive harvest.  The details required
about each measurement are the technique used, frequency of measurement, sampling strategy, and
any particular problems associated with the measurements.
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3.2.5 Data Ownership

An important issue in setting up a collaborative database such as the ECOCRAFT database is to
acknowledge adequately all contributors.  In the database, acknowledgement is achieved by:
identifying responsible institutions (Institution table); attributing ownership of particular data (Data
Providers table); and listing references (References table).  These methods of acknowledgement are
also helpful for the database user in that they provide backup information about particular items of
data.  Each experiment is linked to the host institution, the address of which is given in the
Institution table.  The chief operator of each experiment is identified in the Experiment table.  Each
individual item in the Parameter Value table is linked to a name and contact address in the Data
Providers table.  Finally, each experiment and measurement can be linked to one or more
references, the details of which are also stored in the database.

3.2.6 Database Implementation

The database is implemented in Microsoft Access 2.0.  This program was chosen because it was
readily available to all project Partners.  Updated copies of the database are distributed regularly to
all participants.

The process of entering data into the database was as follows.  The first step was to define the data
requirements.  Lists of parameters required, together with their definitions, were disseminated over
the Internet.  Blank forms for information required from experimentalists, namely the Experiment,
Measurement, Treatment, Parameter Value, and Regression tables, were also distributed.  These
forms were completed by all project Partners, and then transmitted to a central location where the
information was imported automatically into the database.  Several automated error-checking
routines were implemented as queries in the database, such as testing for undefined parameter
names and out of range values.  Information imported into the database was also checked by hand.

3.2.7 Database Use

A series of windows was implemented in the database to allow users to retrieve information without
having to know how to use the Access program.  On-line help is also incorporated.  The following
functions are available: view the list of parameters; retrieve all or selected values of a given
parameter; view all details of a single parameter; examine the list of experiments; and query the
reference database.

A typical use of the database is illustrated in Figure 3.2.  Suppose that a user is interested in
obtaining a value of the photosynthetic parameter Jmax for a particular species, say Pinus sylvestris.
They would first examine the parameter lists to identify the parameter name required (JMAX).
They would then search the database for all values of that parameter for Pinus sylvestris, using the
screen illustrated in Figure 3.2a.  The resulting list is shown in Figure 3.2b.  Further details about
each parameter in the list, such as experimental design and measurement protocol, may then be
obtained by highlighting the value of interest and clicking on the 'Details' button.

The database was extremely useful in two particular parts of the project.  First, it was used as the
basis for the model comparison exercise (Chapter 6).  Parameter values for the comparison exercise
were taken from the database, thus avoiding spurious differences between the models caused by
differences in parameterisation.  Second, it provided information for the meta-analysis studies
described in Chapter 4.  Meta-analysis is a set of statistical techniques used to estimate the mean
effect of a treatment across a number of experiments (Gurevitch and Hedges, 1993).  These
techniques are extremely useful for drawing conclusions from the results of a large set of
experiments, such as the set of [CO2] experiments (Curtis and Wang, 1998).  The information



24

required for meta-analysis is the mean, standard deviation, and number of observations of a given
parameter from control and experimental treatments.  It is relatively straightforward to download
this information from the database, and use meta-analysis to study responses to elevated [CO2]
across the entire set of experiments.  The database has thus played a key role in synthesising results
from the ECOCRAFT experiments and in providing relevant information to modellers.

Figure 3.2 Example of database use.  (a) Window allowing user to specify parameter values of interest.  Clicking 'Get
Values' on this window opens window (b), which shows the results of the search.

3.3  Discussion

In the field of ecophysiology, there is a growing awareness of the need to establish databases to
facilitate the storage and dissemination of experimental information.  Increasing numbers of
ecophysiological experiments are currently being done, but the information obtained is often not
fully utilised, particularly by modellers, because of the lack of a formal link between experiments
and models.  The construction of a database addresses this problem.

Several different types of database exist and may be chosen according to project needs.  Several
recent large, multi-partner projects (e.g.  HAPEX-SAHEL, Goutorbe et al., 1997; BOREAS, Sellers
et al., 1997) have established large web-based text databases.  These databases are relatively easy to
establish, and can be very  comprehensive, but are relatively difficult to search, and are thus not
ideal for use by modellers.  A relational database, on the other hand, is straightforward to search,
but a good deal of thought is required to design an adequate data model, if all relevant data are to be
captured (van Evert et al.  1999).  A further alternative is the ‘knowledge-base’ (e.g.  Walker et al.

(a)

(b)
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1995), where artificial-intelligence techniques are used to facilitate data retrieval and interpretation;
this type of database requires a considerable effort to design and maintain.  Thus, the key factors to
take into account when choosing the type of database may be listed as: ease of construction and
maintenance; ease of data access; and comprehensibility of data.  Some compromise may be
required between these factors.

For the ECOCRAFT project, we chose to utilise a relational database, because ease of access to data
by modellers was an important consideration.  We had then to choose an appropriate data model.
The database described here is innovative in that we chose to store model parameters rather than
raw data.  This method of storing data has two key advantages: first, information is immediately
available in the form required by modellers, and second, the size and complexity of the database is
considerably reduced.  The use of parameter values does have the drawback that data cannot be re-
analysed by database users.  However, storage of all the raw data, in a format allowing simple
retrieval, would have required a very large investment in database technology and personnel.  Thus,
we found that storage of parameter values, together with appropriate meta-data, was a successful
compromise.

3.4  Conclusions

The database described in this chapter successfully provided an interface between the experiments
and models involved in the ECOCRAFT program.  Some 6,500 parameter values from 30 separate
experiments are currently stored in the database, although it continues to be expanded.  The
structure of this database is highly flexible and generic; the same structure could readily be applied
to other projects.  The database structure was relatively simple to design and implement, and
successfully met the main project objectives.
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Appendix to Chapter 3

Definitions of all tables in the database are given below.  The key fields for each table
are marked with *, and fields that link directly to other tables are marked in bold.

1. Data Providers

Field Explanation Example
*Initials Initials of person supplying

data
AR

Name Person's full name Ana Rey
Email Address Person's email address Ana.Rey@ed.ac.uk

2. Distribution

Field Explanation Example
*ID Table entry identifier 12
Parameter
Value

ID number of corresponding
parameter value

4675

Class Class label (in same units as
corresponding parameter
value)

10

Frequency Frequency of observations
in that class

0.1

3. Equation

Field Explanation Example
*Equation ID Identifying code for

equation
PS13

Equation Actual equation AMAX = AMXNA + AMXNB *
LEAFN

Reference Journal reference for further
information about equation

Field and Mooney (1986) The
photosynthesis-nitrogen
relationship in wild plants. In: 'On
The Econly of Plant Form and
Function' (ed. T.J. Givnish), pp.
25-55, Cambridge University
Press, Cambridge.

Process Type Process to which equation
refers

photosynthesis

4. Experiment

Field Explanation Example
*Experiment Name of experiment Glencorse OTC
Site Name Name of site where

experiment took place
Glencorse

Species
description

General description of
species

Betula pendula
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Provenance Provenance of plants FC87/20
Type of
experiment

e.g.  type of chambers used open-top chamber

Description of
chamber or stand

brief description of either
chambers used, or history of
forest stand

4.6x1.5m; 0.5 diameter steel
frame; Polyethylene cover.  CO2
was supplied year-round.

Rooting volume Rooting volume (m3), if
restricted

n/a

Start date start date of treatments 01-Apr-91
End date end date of treatments 15-Nov-94
Stocking number of plants per

chamber (or per ha, if forest
stand)

1

Age of plants age of plants at start of
experiment

0

Pretreatment treatment of plants before
experiment began

Seeds were sown in ambient and
elevated CO2 conditions.
Seedlings were transplanted into
pots and transferred to OTCs with
the same CO2 regimes at the ITE
field site, Bush Estate, Penicuik.
After the first year, 18 seedlings
were transferred to the field OTCs
at Glencorse.

Source of plants where plants were obtained
Pests and
treatment

Fungal disease.

Soil type Brown earth.
Understorey
composition

None

Watering regime Natural except during the final
year (watered every week after
July).  1994 was an unusually dry
year.  Trees may have been water-
stressed for one or two weeks in
July before irrigation started,
otherwise water was not a limiting
factor.

Fertilisation none
Treatments text description of

treatments applied
Two treatments, ambient (approx.
350 ppm) and elevated (ambient +
350 ppm) CO2, plus outside
control plots (ambient CO2, no
OTC).

Number of
replicates

number of chamber
replicates

6

Operator main person responsible for
experiment

Ana Rey

Notes any other notes Parameter values were taken from
measurements made in 1994.
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5. Institution

Field Explanation Example
*Code Identifying code for

institution
UE

Institution Name Full name of institution University of Edinburgh
Address Postal address Institute of Ecology and Resource

Management, University of
Edinburgh, King's Buildings,
Mayfield Rd, Edinburgh EH9 3JU,
U.K.

6. Measurement

Field Explanation Example
*Measurement
ID

Identifying code for
measurement

GC01

Measurement Measurement name Harvest
Experiment Experiment on which

measurement was made
Glencorse

Procedure Method of measurement All trees were harvested at the end
of the experiment in November
1994.  The stem of all trees was
cut at ground level and the crown
divided into three portions.  All
parts were weighed then oven
dried at 70 °C for 3 - 7 days and
reweighed.

Sampling Sampling design Samples were taken from the
wood, bark, branch, leaf litter and
root, and used for biochemical
determinations.

Frequency How often measurements
were made

Once at the end of the experiment.

Conditions /
Comments

Conditions for
measurements and other
comments

Coarse roots includes the stump.

Problems Any problems with the
measurement

7. Parameter Name

Field Explanation Example
*Parameter Short name for parameter AMXNB
Units Units of parameter µmol g-1 N s-1

Definition Full text definition The slope of a relationship
between light-saturated
photosynthetic rate (at the growth
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CO2 concentration) and leaf N
content on a leaf area basis.

Process Type Process to which parameter
refers

photosynthesis

Minimum Value Minimum allowable value 1
Maximum Value Maximum allowable value 10

8. Parameter Value

Field Explanation Example
*Parameter Value
ID

Unique number to identify value 613

Parameter
Name

Name of parameter AMAX

Experiment Name of experiment Glencorse
Treatment No Treatment Number 1
Parameter Value Mean of parameter value: mean of

chamber means
16.55

Replicate SD Standard deviation of chamber (or true
replicate) means

4.16

No of Replicates No of chamber (or true) replicates 6
Total SD Standard deviation of all measurements 4.16
No of
Observations

Total no of measurements 6

Regression SE If parameter obtained from regression,
standard error from regression

Regression ID The ID number of the regression from
which parameter was obtained

Date Date for parameter value 01-Jul-94
Species Species (Latin binomial) Betula pendula
Temperature Temperature for which parameter value is

appropriate
25

Category Type How this parameter is categorized (Layer
or Age Class or Diameter Class or
Circumference Class)

Layer

Category Category: for Age Class, number, 1 =
youngest; for Layer, relative height, 0 =
top; for Diameter Class, mean diameter

0.8

Notes Any other notes
Provided by Person supplying data AR
Available Already published? Yes

9. Reference

Field Explanation Example
Reference ID Short ID for reference Rey and Jarvis (1997)
Reference Full text of reference Rey, A.  and Jarvis, P.G.  (1997)

Growth response of young birch
trees (Betula pendula Roth.) after
four and a half years of CO2
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exposure.  Annals of Botany 80:
809-816.

All Details Given Whether all details of
reference have been given
(e.g.  would be No if still in
press)

Yes

10. Regression

Field Explanation Example
*ID Unique number to identify

regression
269

Equation ID ID number of regression
equation

PS13

R-squared r2 of regression 0.22
Comments additional notes data from 1996 and 1997

pooled
No of points no of data points 17

11. Regression Ranges

Field Explanation Example
*Regression ID ID number of regression to

which entry should be linked
269

*Variable Name name of regression variable LEAFNA
Lowest Value lowest value of variable 0.85
Average Value average value of variable 1.48
Highest Value highest value of variable 2.08

12. Site

Field Explanation Example
*Site Name Identifying name for site Glencorse
Institution Code Identifying code for

institution
UE

Latitude Latitude of site 55 31 N
Longitude Longitude of site  3 12 W
Elevation Elevation of site (m) 150
Mean annual
temperature

Mean annual temperature of
site (° C)

8.2

Mean annual
precipitation

Mean annual precipitation
of site (mm)

850

13. Species

Field Explanation Example
*ID Table entry identifier 1
Experiment Experiment Name Glencorse
Species Name of species in Betula pendula
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experiment (Latin binomial)

14. Treatment

Field Explanation Example
*Treatment Number for treatment 1
*Experiment Experiment Name Glencorse
Treatment Name Descriptive name of treatment Elevated CO2
Enclosed Whether enclosed in chamber or

not
Yes

CO2 Mean CO2 level (µmol mol-1) 700
Temperature For temperature treatments - mean

increase above ambient (°C)
0

Water Water availability (Low,
Intermediate, High)

Intermediate

Nutrients Nutrient availability (Low,
Intermediate, High)

Intermediate

Ozone Ozone treatment (Low, High) Low
Lumped Whether this entry describes

several treatments combined
No

15. Variable Name

Field Explanation Example
*Variable Name Short name for variable LEAFNA
Units Units of variable g N m-2

Definition Full text definition leaf nitrogen content (area basis)
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CHAPTER 4
META-ANALYSIS OF MODEL PARAMETERS

Belinda Medlyn, Mark Broadmeadow, Franz Badeck, David de Pury, Craig
Barton, Reinhart Ceulemans, Paolo de Angelis, Manfred Forstreuter, Ewa Jach,

Samantha Jackson, Seppo Kellomäki, Eric Laitat, Michal Marek, Sabine
Philippot, Ana Rey, Joern Strassemeyer, Kaisa Laitinen, Rodolphe Liozon,

Bruno Portier, Peter Roberntz, Kaiyun Wang and Paul Jarvis

Summary

In this chapter, the effects of elevated [CO2] on model parameters are studied by applying statistical
techniques known as meta-analysis to the data compiled in the ECOCRAFT database. Three
processes were studied in particular: photosynthesis, stomatal conductance, and dark respiration.
The meta-analysis of photosynthesis data indicated that parameters of the photosynthesis model
were down-regulated in elevated [CO2]. This down-regulation was, in general, related to a reduction
in leaf nitrogen content; the relationship between photosynthetic parameters and leaf nitrogen
content was unchanged under elevated [CO2] in most experiments. The meta-analysis of stomatal
conductance data indicated that, overall, stomatal conductance was reduced in elevated [CO2],
although the effects were much stronger for deciduous species than for coniferous. Sensitivity of
stomatal conductance to environmental conditions was unchanged by growth in elevated [CO2].
Parameters of the commonly used Ball-Berry model of stomatal function were also unchanged. The
meta-analysis of respiration data showed no consistent effect of elevated [CO2] on respiration rates.
There was a strong relationship between respiration per unit mass and tissue nitrogen content,
which was unchanged by growth in elevated [CO2]. Overall, we conclude that current models of
these physiological processes are adequate to describe the observed responses to elevated [CO2].

4.1 Introduction

Predicting the likely response of woody plant species to future increases in atmospheric CO2
concentration is a difficult problem because of the longevity of these species (Eamus and Jarvis
1989). The longest-running experiments in which trees have been exposed to elevated [CO2] now
reach to just over ten years (Idso and Kimball 1997; Pontailler et al. 1998). In general, practical and
financial considerations limit the length of such experiments to no more than five years (e.g.
Ceulemans et al. 1996; Johnson et al. 1996; Kellomäki and Wang 1996; Norby et al. 1996;
Scarascia-Mugnozza et al. 1996; Rey and Jarvis 1997; Tissue et al. 1997). This length of time is a
small fraction of the average tree lifespan, or of the typical forest rotation length, which in Europe
ranges from 30 – 150 years.

The only practical approach to this mismatch of experimental and natural time scales is to build
computer models, based on experimental observation, which can be used to extrapolate responses to
the long-term (Chapter 8; see also Ågren et al. 1991; Comins and McMurtrie 1993; Kellomäki et al.
1997; Medlyn and Dewar 1996; Friend et al. 1997). This approach has its own challenges, however.
A primary difficulty is the synthesis of experimental observation. Increasing numbers of elevated
[CO2] experiments are being done, often with widely varying results, and the traditional method of
synthesising experiments, the narrative review paper, can struggle to deal adequately with the large
amounts of information available (Lee et al. 1998; Saxe et al. 1998). New techniques of quantitative
synthesis of experimental results, known as meta-analysis, are therefore being applied in this field
(Gurevitch and Hedges 1993; Arnqvist and Wooster 1995; Curtis and Wang 1998). A second
methodological challenge is to ensure a strong information flow from experiments to models.  The
process of model parameterisation can be flawed if modellers do not have adequate access to
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experimental information. Catalogues of model parameter values, such as those compiled by
Wullschleger (1993) and Ryan et al. (1994), are therefore invaluable for improving model
predictions.

These challenges were faced within ECOCRAFT. For example, Besford et al. (1998) reviewed
observations of photosynthetic rates in the ECOCRAFT experiments, and concluded that:

« .. both up and down-regulation of photosynthesis has been found. Down-regulation appears to be
associated with either poor nutrient status or accumulation of starch, occurs more often late in the
growing season and in the older needles of conifers ..»

The group then faced the problem of quantifying these results in such a way that they could be
included in models. This problem was addressed by establishing a central relational database of
model parameters (Chapter 3; Medlyn and Jarvis, 1999). The parameters required, and the methods
of deriving them from experimental data, were agreed upon by project working groups comprising
both experimentalists and modellers. In this chapter, we summarise the physiological parameters
stored in the database, presenting them in formats useful for modelling. We concentrate on three
key processes: photosynthesis, stomatal conductance, and dark respiration. Quantitative methods
(i.e. meta-analysis) are used to estimate the effects of elevated [CO2] on the parameters across
experiments. This analysis aids our understanding of physiological responses to elevated [CO2], and
suggests ways in which we can improve model formulation.

4.2 General Methods

4.2.1 Experiments

Experimental data were obtained from 15 separate elevated [CO2] experiments. In each experiment,
plants were grown in (at least) two atmospheric CO2 concentrations, approximately 350 and 700
µmol mol-1. Brief details of each experiment are given in Table 4.1. More information on the
experimental design of each experiment may be found in Chapter 9, Pontailler et al. (1998) or the
individual references given in Table 4.1. The experiments differed in a number of ways. They
covered twelve different European forest tree species, including the most important commercial
forestry species. Three main exposure facilities were employed: branch bag, open-top chamber, and
mini-ecosystems. Some experiments included nutrient, drought, temperature, or ozone factorial
treatments. However, there were two factors common to all experiments: they were all done on
freely-rooted plants, and all continued for at least two growing seasons.

4.2.2 Statistical analysis

The chief statistical technique employed was meta-analysis. The meta-analysis techniques used
were those described by Curtis and Wang (1998) and implemented in the statistical software
MetaWin (Rosenberg et al. 1997). The mean, standard deviation, and number of observations for
each parameter value were required. The standard deviation was taken to be the between-chamber
standard deviation, and the number of observations was taken as the number of chamber replicates,
although the total standard deviation of all measurements is also stored in the database. The
standard deviation is used in the meta-analysis to weight each observation. Some observations in
the dataset had no corresponding standard deviation because there was only one chamber replicate.
These observations were included conservatively, by assigning to them the smallest of the weights
of the other experiments. The meta-analysis was done on the natural logarithm of the response
ratios, as described by Curtis and Wang (1998). A mixed-model analysis was assumed (Gurevitch
and Hedges 1993).
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Table 4.1 Details of experiments from which photosynthesis parameters were obtained. In all experiments trees were freely rooted.

Notes:
(1) Institution Codes: SLU = Swedish University of Agricultural Sciences; UE = University of Edinburgh; JOY = University of Joensuu; TUB = Technical University of Berlin; UPS
= Universite de Paris-Sud; FC = U.K. Forestry Commission; UVT = University of Viterbo; ILE = Academy of Sciences of the Czech Republic; UIA = Universitaire Instelling
Antwerpen; FUSAG = Faculté Universitaire des Sciences Agronomiques de Gembloux. (2) The levels of nutrient and water availability in each experiment were classified by the
person responsible for the experiment. (3) Age of the plants (years) at the beginning of the experiment. (4) Length of exposure in growing seasons. (5) Stocking is in stems ha-1 for
branch bag experiments, otherwise in plants per chamber. (6) Indicates experiments continuing on from previous experiments, after a major change in conditions. At Vielsalm, a
mature overstory was removed and a fertilisation treatment applied to half of each OTC. At UIA, the poplars were coppiced and allowed to re-grow.

Experiment Name Institution
Code1

Lat. Long. Species Nutrients2 Water2 Age of
Plants3

Length of
Exposure4

Stocking5 No of
Replicates

Reference

Branch bags
Flakaliden SLU 64 07 N 19 27 E Picea abies Low,

High
Med,
High

29 4 2400 6 Roberntz and Stockfors (1998)

Glencorse BB UE 55 31 N  3 12 W Picea sitchensis Med High 16 4 1600 6 Barton et al. (1993)
Mekrijarvi BB JOY 62 41 N 30 57 E Pinus sylvestris Low,

High
Med 25 4 2200 6 Kellomaki and Wang (1997)

Mini-ecosystems
Berlin 1 TUB 52 28 N 13 18 E Fagus sylvatica High High 1 3 25 2 Forstreuter (1995)
Berlin 2 TUB 52 28 N 13 18 E Fagus sylvatica High High 1 4 25 1 Forstreuter (1996)
Orsay UPS 48 42 N  2 09 E Fagus sylvatica High Med 0 3 160 2 Badeck et al. (1997)
Open-top chambers
Glencorse OTC UE 55 31 N  3 12 W Betula pendula Med Med 0 4 1 6 Rey and Jarvis (1998)
Headley mixed FC 52 08 N 00 50 W Pinus sylvestris,

Quercus robur,
Fraxinus excelsior

Low Low,
High

2 3 48 2 Crookshanks et al. (1998)

Headley oak FC 52 08 N 00 50 W Quercus petraea,
Quercus rubra

Low Low 1 2 36 4

Macchia UVT 42 22 N 11 32 E Quercus ilex,
Pistacia lentiscus,
Phillyrea angustifolia

Low Low 30 6 13 3 De Angelis and Scarascia-Mugnozza
(1998)

Mekrijarvi OTC JOY 62 41 N 30 57 E Pinus sylvestris Low Med 20 4 1 4 Wang et al. (1996)
Mekrijarvi OTC
Ozone

JOY 62 41 N 30 57 E Pinus sylvestris Low Med 30 3 1 4 Kellomäki and Wang (1997)

Bily Kriz ILE 49 30 N 18 32 E Picea abies Med Med 13 3 1 4 Marek et al. (1995)
UIA Pine UIA 51 10 N  4 24 E Pinus sylvestris Med Med 3 3 11 2 Jach and Ceulemans (1999)
UIA Poplar UIA 51 10 N  4 24 E Populus ‘Robusta’

Populus ‘Beaupre’
High High 0 2 15 2 Ceulemans et al. (1996)

UIA Poplar
Coppice6

UIA 51 10 N  4 24 E Populus ‘Robusta’
Populus ‘Beaupre’

High High 2 y.o.
coppice

1 15 2 Will and Ceulemans (1997)

Vielsalm FUSAG 50 17 N  5 55 E Picea abies Low High 5 5 30 2 Laitat et al. (1994)
Vielsalm Fert6 FUSAG 50 17 N  5 55 E Picea abies Low,

High
High 11 9 14 2 Laitat et al. (1999)
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Each observation used in the meta-analysis is required to be independent. Parameter values from
different nutrient, drought or temperature treatments, or from different species, in the same
experiment, were assumed to be independent and therefore included separately in the analysis,
following the precedent of Curtis and Wang (1998). However, where parameter values were given
for different measurement periods (different seasons or different years), only one value was used.
The value from the middle of the growing season in the final year of the experiment was chosen
where possible. The effects of elevated [CO2] on photosynthetic rates over time were considered
separately from the meta-analysis (see results section, below). Additionally, if values were given for
different canopy layers or age classes of foliage, the value for current-year foliage from the top of
the canopy was selected.

The meta-analysis was used to determine the effect of elevated [CO2] on model parameters. In
addition, the effect on the relationships between model parameters (for example, the relationship
between Vcmax and Na, Section 4.4.3) was examined using a simple statistical test for coincidence of
these relationships in ambient and elevated [CO2] (Kleinbaum et al. 1998, p 329).

4.3 Photosynthesis

4.3.1 Introduction

Photosynthesis is a key process when studying the effects of elevated [CO2] on plants because it is
directly affected by increasing [CO2]. In the short-term (hours), the response of photosynthesis to
increasing [CO2] is well understood: the rate of photosynthesis is increased, owing to the increased
amount of substrate (Farquhar and von Caemmerer 1982). However, longer-term responses (months
to years) are less well understood. In a number of early experiments with elevated [CO2], ‘down-
regulation’ of photosynthesis was observed: that is, when photosynthesis was measured at a
common CO2 concentration, plants grown in elevated [CO2] had lower photosynthetic rates than
those grown in ambient [CO2] (Eamus and Jarvis 1989; Gunderson and Wullschleger 1994; Sage
1994). However, it was suggested that this observation was an artefact resulting from growth of
plants in small pots, and it was questioned whether down-regulation would occur in field-grown
plants (Arp 1991; Sage 1994). As a result of this criticism, the experimental focus subsequently
shifted to field-based experiments. Down-regulation is less common in field-based experiments
(Gunderson and Wullschleger 1994; Drake et al. 1997), but, as noted by Besford et al. (1998), does
sometimes occur (e.g. Van Oosten, Afif and Dizengremel 1992; Curtis et al. 1995; Marek et al.
1995; Epron et al. 1996). Debate continues about the significance of down-regulation of
photosynthesis in the field, and the mechanism(s) causing down-regulation (see reviews by
McGuire et al. 1995; Drake et al. 1997; Wullschleger et al. 1997; Saxe et al. 1998; Norby et al.
1999).

A number of alternative hypotheses have been proposed to explain down-regulation in elevated
[CO2]. One hypothesis is that down-regulation is the result of the re-allocation of leaf nitrogen,
away from the principal [CO2]-fixing enzyme, Rubisco, and towards other nitrogenous compounds
(Sage 1994). Such re-allocation would maximise plant nitrogen-use efficiency when carbon is
present in excess. A second hypothesis is that increased C availability induces a nutrient limitation,
leading to reduced leaf nutrient concentrations, and thereby reducing photosynthetic rates
(Ceulemans and Mousseau 1994). Thirdly, it has been proposed that down-regulation results from a
source-sink imbalance; increased photosynthetic productivity is not matched by an increased
demand for carbon, leading to a negative feedback on photosynthesis (Stitt 1991). Each of these
hypotheses is expressed in terms of the photosynthesis model used in this chapter, and meta-
analysis is used to evaluate the likelihood of each.
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4.3.2 Photosynthesis Measurements

The list of parameters used in compiling the photosynthesis meta-analysis is given in Table 4.2; it
includes photosynthetic capacity, the parameters of the Farquhar and von Caemmerer (1982) model
of photosynthesis, leaf chemistry, and specific leaf area. To ensure comparability of parameters
obtained from different experiments, it was necessary to define the parameters clearly and, in the
case of the photosynthesis model, to specify the equations used in their derivation. Definitions of
the parameters used are given in Table 4.2, and the equations used are given in the guide to the
Ecocraft models (Appendix to Chapter 6).

Photosynthesis and leaf nitrogen measurement protocols differed between experiments. The key
differences in methodology among experiments are outlined in Table 4.3. In most cases,
photosynthesis measurements were made in ambient conditions in the field, although sometimes
with controlled temperature and vapour pressure deficit, and the Finnish Partner made their
measurements using detached shoots in the laboratory. The measurements were generally done as
response curves of photosynthesis to intercellular [CO2] (Ci) and/or incident photosynthetically
active radiation (I), and results were expressed per unit leaf projected area (µmol m-2 s-1). The chief
means used to measure leaf nitrogen concentration were the Kjeldahl method and C:N analysis,
although some groups also used flow injection analysis, an amylase protocol, or the dynamic flush
combustion method (Table 4.3). In most cases specific leaf area was also measured, using either a
leaf area meter or leaf dimensions, allowing leaf nitrogen to be expressed both on a mass (g g-1) and
an area (g m-2) basis.
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Table 4.2: The photosynthesis measurement protocols used in the ECOCRAFT experiments. The details of the experiments are given in Table 1.

Experiment
Name

Species Equipment Field
/ Lab

Measurement
Type(s)

Climatic Conditions Sampling Foliar Nitrogen
Measurement

Foliar Nitrogen
Sampling

Branch bags
Flakaliden Picea abies LI-COR 6200 field A/Ci Ambient T (10 – 24°C);  RH ~

50%; PAR > 1000 µmol m-2
s-1

current shoot
from 3rd – 4th

whorl

C:N analyser needles used for
gas exchange

Glencorse
BB

Picea sitchensis ADC-LCA3 field A/Ci, A/I T 23 ± 3 °C, VPD 0.6 ± 0.3
kPa,
PAR 800 µmol m-2 s-1(for
A/Ci)

shoots of 3 age
classes from 3rd

whorl

flow injection
analyser

shoots of 3 age
classes from 3rd

whorl

Mekrijarvi
BB

Pinus sylvestris automatic
open system
(Wang 1996)

lab A/Ci, A/I T 20 ± 0.5 °C, VPD < 0.6 kPa current shoot
from 3rd whorl

Kjeldahl method current shoot
from 3rd whorl

Mini-
ecosystems
Berlin 1 Fagus sylvatica Walz CMS-

400
field A/I T 20 °C, VPD 0.75 to 0.94

kPa,
CO2 350/700 µmol mol-1

leaves at various
depths in canopy

C:N analyser leaves at various
depths in canopy

Berlin 2 Fagus sylvatica Walz CMS-
400

field A/Ci at
varying T

VPD 1.3 kPa , PAR >1200
µmol m-2 s-1

leaves at various
depths in canopy

C:N analyser leaves used for
gas exchange

Orsay Fagus sylvatica LI-COR 6400 field A/Ci, A/I T 25 – 28°C, VPD 1 – 1.6
kPa,
PAR = 1000 µmol m-2 s-1 (for
A/Ci),
CO2 = 1500 ppm (for A/Q)

leaves at various
depths in canopy

C:N analyser leaves used for
gas exchange

Open-top
chambers
Glencorse
OTC

Betula pendula LI-COR 6200 field A/Ci Ambient T, VPD; PAR =
1200 µmol m-2 s-1

leaves at middle-
bottom of canopy

flow injection
analyser

recent fully
expanded leaves
from middle
crown

Headley
mixed

Pinus sylvestris,
Quercus robur,
Fraxinus
excelsior

LCA3 field A/Ci, A/I
(Quercus),
Amax
(Fraxinus)

T 25 °C; PAR 1675 µmol m-2

s-1 (for A/Ci); growth [CO2]
(for A/Q)

leaves / shoots at
top of canopy

Kjeldahl method youngest fully
expanded leaves
in full sun
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Headley oak Quercus petraea,
Quercus rubra

CIRAS field A/Ci T 25 °C; PAR 1675 µmol m-2

s-1
leaves at top of
canopy

Kjeldahl method leaves used for
gas exchange

Macchia Quercus ilex,
Pistacia lentiscus,
Phillyrea
angustifolia

Walz CMS-
400

field A/Ci T 25 °C; VPD 1.3 kPa; PAR
1200 µmol m-2 s-1

sun leaves at top
of canopy

C:N analyser sun leaves at top
of canopy

Mekrijarvi
OTC

Pinus sylvestris automatic
open system
(Wang 1996)

lab A/Ci, A/I at
varying T

VPD < 0.6 kPa current shoot
from lower third
of canopy

Kjeldahl method measurements
made after harvest
on 3 age classes
in 3 layers

Bily Kriz Picea abies LI-COR 6250
or CIRAS

field A/Ci, A/I T 20 ±2 °C; RH 55 ±3% current and 1 y.o.
shoots from 4th-5th

whorl

amylase protocol current shoots
from 3rd whorl

UIA Pine Pinus sylvestris CIRAS field A/Ci, A/I Ambient T; RH 80%;
PAR 970 µmol m-2 s-1 (for
A/Ci)

1 – 2 fascicles
from top of
canopy

dynamic flush
combustion
method

needles used for
gas exchange

UIA Poplar Populus
‘Robusta’
Populus
‘Beaupre’

ADC-LCA3 field Amax T 23 – 25 °C; RH 65%; light
saturation; growth [CO2]

mature, fully
expanded leaves
from upper
canopy

Kjeldahl  method mature, fully
expanded leaves
from upper
canopy

UIA Poplar
Coppice

Populus
‘Robusta’
Populus
‘Beaupre’

ADC-LCA3 field Amax T 23 – 25 °C; RH 65%; PAR
> 1200 µmol m-2 s-1; [CO2]
350/700 ppm

2-3 ramets per
clone

Vielsalm Picea abies Binos 100
IRGA

field A/Ci, A/I T 18 °C;  VPD < 0.8 kPa;
PAR 1100 µmol m-2 s-1 (for
A/Ci); growth [CO2] (for A/Q)

current-year
shoots

Kjeldahl  method random samples
of all age classes

Vielsalm
Fert

Picea abies Binos 100
IRGA

field A/Ci, A/I T 18 °C;  VPD < 0.8 kPa;
PAR 1100 µmol m-2 s-1 (for
A/Ci); growth [CO2] (for A/Q)

2nd order shoots
from 2nd whorl

Kjeldahl  method shoots of all ages
from 4th whorl
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Table 4.3: Definitions of parameters used in compiling the meta-analysis. These definitions are taken from the
ECOCRAFT database.

Parameter Units Definition

Amax µmol m-2 s-1 The light-saturated rate of photosynthesis, measured at the growth
CO2 concentration.

A350 µmol m-2 s-1 The light-saturated rate of photosynthesis, measured at a CO2

concentration of 350 µmol mol-1.
A700 µmol m-2 s-1 The light-saturated rate of photosynthesis, measured at a CO2

concentration of 700 µmol mol-1.
Jmax µmol m-2 s-1 The potential electron transport rate at 25°C

aJ µmol m-2 s-1 The intercept of the relationship between Jmax and Na.

bJ µmol g-1 N s-1 The slope of the relationship between Jmax and Na.

Vcmax µmol m-2 s-1 The maximum rate of Rubisco activity at 25°C.

aV µmol m-2 s-1 The intercept of the relationship between Vcmax and Na.

bV µmol g-1 N s-1 The slope of the relationship between Vcmax and Na.

Nm g N g-1 The leaf nitrogen concentration (dry mass basis).

Na g N m-2
 leaf The leaf nitrogen concentration (leaf area basis).

Chla g Chl m-2 leaf The leaf chlorophyll content per unit area.

Stch g g-1 The leaf starch concentration (dry mass basis).

SLA m2 kg-1 The specific leaf area (projected) on a dry mass basis.

4.3.3 Results: Photosynthesis

4.3.3.1 Photosynthesis Meta-analysis

The results of the meta-analysis of photosynthetic rates are shown in Table 4.4. Across the 15
experiments, the light-saturated photosynthetic rate at the growth CO2 concentration, Amax, was
increased significantly, by 51%, in elevated [CO2]. Despite this increase, down-regulation of
photosynthetic rates in elevated [CO2] was observed consistently in the experiments. When
measured at a common CO2 concentration, the photosynthetic rate was significantly reduced in the
elevated compared to the ambient [CO2] treatment. When measured at [CO2] = 350 µmol mol-1, the
photosynthetic rate (A350) was reduced by 19%; when measured at [CO2] = 700 µmol mol-1, the
photosynthetic rate (A700) was reduced by 9% (Table 4.4).

The reductions in A350 and A700 may be partially caused by increased stomatal limitation in elevated
[CO2]. In this section, we are principally concerned with the effects of elevated [CO2] on the
underlying biochemistry of photosynthesis; we address the issue of the effects of elevated [CO2] on
stomatal conductance in the following section of this chapter. The effects of changes in stomatal
conductance can be eliminated from the analysis by considering the A/Ci response curve, and, in
particular, the parameters of the Farquhar and von Caemmerer (1982) photosynthesis model,
namely the maximum rate of electron transport, Jmax, and the maximum rate of Rubisco activity,
Vcmax.
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Table 4.4 Output from the meta-analysis of photosynthesis parameters. For each parameter, the estimate of the mean
effect size (= value in elevated [CO2] : value in ambient [CO2]) and the confidence interval on the effect size
are given. N is the number of observations, which varies between parameters as not all parameters were
measured in all experiments.

Parameter Mean Effect
Size

95% Confidence Interval N Different from 1
(at 5% level)

Amax 1.51 1.39 – 1.63 28 *
A350 0.81 0.75 – 0.87 17 *
A700 0.91 0.87 – 0.96 14 *

Jmax 0.88 0.80 – 0.98 19 *
Vcmax 0.91 0.85 – 0.98 19 *

Nm 0.85 0.79 – 0.92 27 *
SLA 0.90 0.86 – 0.94 18 *
Na 0.96 0.84 – 1.09 16

Chla 0.94 0.82 – 1.07 18
Stch 1.37 1.03 - 1.83 18 *

Figure 4 .1  Relationship between the mean values of Jmax and Vcmax given in Table 4.5. Filled symbols, values for trees
grown in ambient [CO2] (350 µmol mol-1); open symbols, values in elevated [CO2] (700 µmol mol-1). ◆ ,✧
values for conifers; ■ , � values for broadleaves. The solid regression line is fitted to all ambient values; the
dotted regression line is fitted to all elevated values. The regression equations are: ambient, Jmax = 2.39
Vcmax – 14.2, r2 = 0.80; elevated, Jmax = 2.5 Vcmax – 14.3, r2 = 0.78.
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Table 4.5 Values of Jmax and Vcmax at 25 °C for trees grown in ambient and elevated [CO2] conditions, obtained from ECOCRAFT experiments. All values were derived from
experimental data using the equations given in the Appendix to Chapter 6. Values are given as means and standard deviations. Two different standard deviations (SD) are
given: the between-chamber (replicate) SD and the SD of all measurements (total SD). The number of observations is given in brackets for each SD. Values for conifer
species are expressed on a projected area basis. Notes: 1: Observation included in meta-analysis.

(a) Values of Jmax.

Experiment Name Date Years of Species Note Ambient [CO2] Elevated [CO2]
Exposure Mean Replicate SD Total SD Mean Replicate SD Total SD

Glencorse OTC 1-Jun-94 4 Betula pendula 103.6 10.58 (6) 96.2 13 (6)
Glencorse OTC1 1-Aug-94 4 Betula pendula 97.1 21.94 (4) 84.6 13.38 (4)
Glencorse OTC 1-Sep-94 4 Betula pendula 60.1 19.49 (6) 49.3 13.91 (6)
Berlin 2 1-Aug-94 1 Fagus sylvatica 53.1 19.9 (13) 49.2 10.6 (12)
Berlin 2 1-Aug-95 2 Fagus sylvatica 40.7 16.6 (24) 44 19.9 (24)
Berlin 2 25-Jul-96 3 Fagus sylvatica 62.5 12 (9) 68.4 18.2 (10)
Berlin 21 1-Aug-97 4 Fagus sylvatica 39.3 17 (13) 35.1 16.4 (14)
Orsay 15-Sep-96 2 Fagus sylvatica 92.1 26.11 (3) 152.7 37.29 (5)
Orsay 18-May-97 3 Fagus sylvatica 109.8 17.9 (4) 122.5 25.83 (4)
Orsay 20-Jul-97 3 Fagus sylvatica 95.2 16.35 (4) 112.1 16.2 (4)
Orsay1 30-Aug-97 3 Fagus sylvatica 91.8 4.87 (4) 91.1 25.4 (4)
Bily Kriz 1-Apr-93 1 Picea abies 101.6 16.21 (4) 15.79 (12) 111.8 10.01 (4) 9.5 (12)
Bily Kriz 1-Oct-93 1 Picea abies 134.6 7.11 (4) 6.8 (12) 99.7 6.05 (4) 5.44 (12)
Bily Kriz 1-Apr-95 3 Picea abies 138.1 12.32 (4) 11.81 (12) 131.9 11.05 (4) 10.37 (12)

Bily Kriz1 1-Oct-95 3 Picea abies 115.0 15.46 (4) 14.66 (13) 58.6 7.59 (4) 6.93 (12)

Flakaliden1 2-Sep-95 4 Picea abies Unfertilized 183.8 16.40 (6) 162.5 13.7 (6)

Flakaliden1 5-Sep-95 4 Picea abies Fertilized 221.8 29.70 (6) 217.5 32.35 (6)

Vielsalm 11 8-Aug-93 5 Picea abies 84.1 1.64 (2) 30.59 (6) 62.9 7.8 (2) 10.52 (6)

Vielsalm 21 1-Aug-96 8 Picea abies Unfertilized 119.0 91.3 10.4 (2) 30.58 (6)
Vielsalm 21 1-Aug-96 8 Picea abies Fertilized 131.3 15.24 (3) 117.6 21.4 (2) 21.29 (5)

Glencorse BB1 14-Aug-94 4 Picea sitchensis 89.3 11.04 (6) 92.1 12.9 (6)

Mekrijarvi OTC1 28-Jul-94 3 Pinus sylvestris Ambient T 118.1 9.7 (4) 100.8 12.1 (4)
Mekrijarvi OTC1 28-Jul-94 3 Pinus sylvestris Elevated T 132 12.2 (4) 133.2 13.6 (4)
UIA Pine 1-Aug-96 1 Pinus sylvestris 286 6.89 (2) 32.65 (6) 296.3 20.86 (2) 57.15 (8)
UIA Pine 15-May-97 2 Pinus sylvestris C+1 needles 333.5 57.94 (2) 66.45 (8) 328.2 6.39 (2) 41.37 (8)
UIA Pine 15-Jul-97 2 Pinus sylvestris C needles 266.0 1.04 (2) 93.91 (8) 165.5 3.01 (2) 28.65 (7)
UIA Pine 15-Jul-97 2 Pinus sylvestris C+1 needles 306.0 53.87 (2) 80.65 (8) 120.7 2.02 (2) 30.91 (6)
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UIA Pine1 15-Sep-97 2 Pinus sylvestris C needles 428.2 56.81 (2) 90.57 (8) 318 18.67 (2) 64.61 (8)
UIA Pine 15-Sep-97 2 Pinus sylvestris C+1 needles 269.5 43.73 (2) 58.88 (8) 152.8 35.62 (2) 39.11 (8)
Macchia1 1-Jun-94 3 Phillyrea angustifolia 136 49 (2) 51 (4) 161 5 (2)
Macchia1 1-Jun-94 3 Pistacia lentiscus 185 41 (2) 46 (4) 136 2 (2) 10 (4)
Macchia1 1-Jun-94 3 Quercus ilex 130 67 (2) 58 (4) 148 1 (2) 6 (4)
Headley Mixed1 1-Jul-96 3 Quercus petraea 131 7.5 (2) 28.6 (10) 100 1.03 (2) 19.6 (12)
Headley Oak 1-May-97 1 Quercus petraea 99.3 6.54 (4) 20 (8) 78.5 4.56 (4) 15 (8)
Headley Oak 1-Jun-97 1 Quercus petraea 181 30.91 (4) 33 (8) 159 24.36 (4) 30 (8)
Headley Oak 1-Jul-97 1 Quercus petraea 196 35.2 (4) 39 (8) 237 19.1 (4) 35 (8)
Headley Oak1 1-Aug-97 1 Quercus petraea 197 30.07 (4) 34 (8) 257 23.48 (4) 39 (8)
Headley Oak1 1-Jul-97 1 Quercus rubra 130 13.69 (4) 24 (8) 145 15.36 (4) 20 (8)

(b) Values of Vcmax.

Experiment Name Date Years of Species Notes Ambient [CO2] Elevated [CO2]
Exposure Mean Replicate SD Total SD Mean Replicate SD Total SD

Glencorse OTC 1-Jun-94 4 Betula pendula 44.7 5.44 (6) 40.9 7.03 (6)
Glencorse OTC1 1-Aug-94 4 Betula pendula 42.4 5.36 (4) 38.1 4.1 (4)
Glencorse OTC 1-Sep-94 4 Betula pendula 26.8 11.17 (6) 19.3 6.76 (6)
Berlin 2 1-Aug-94 1 Fagus sylvatica 37.2 13 (13) 35.2 9.8 (12)
Berlin 2 1-Aug-95 2 Fagus sylvatica 27.1 9.1 (24) 28.1 12 (24)
Berlin 2 25-Jul-96 3 Fagus sylvatica 42.3 6.9 (9) 41.2 9 (10)
Berlin 21 1-Aug-97 4 Fagus sylvatica 29.2 10.4 (13) 22.8 11.2 (13)
Orsay 15-Sep-96 2 Fagus sylvatica 49.0 12.02 (3) 69.9 14.27 (5)
Orsay 18-May-97 3 Fagus sylvatica 63.5 6.5 (4) 66.9 14.79 (4)
Orsay 20-Jul-97 3 Fagus sylvatica 42.7 8.4 (4) 45.5 12 (4)
Orsay1 30-Aug-97 3 Fagus sylvatica 45.1 4.41 (4) 38 4.3 (4)
Bily Kriz 1-Apr-93 1 Picea abies 83.8 8.91 (4) 8.19 (12) 98.0 4.71 (4) 4.13 (12)
Bily Kriz 1-Oct-93 1 Picea abies 119.5 19.45 (4) 18.9 (12) 66.7 7.88 (4) 7.21 (12)
Bily Kriz 1-Apr-95 3 Picea abies 81.5 7.22 (4) 6.97 (12) 55 10.05 (4) 9.83 (12)
Bily Kriz1 1-Oct-95 3 Picea abies 57.9 5.61 (4) 4.73 (12) 23.5 15.02 (4) 14.52 (12)
Flakaliden1 1-Sep-95 4 Picea abies Unfertilized 87.8 8.48 (6) 78.1 12.85 (6)
Flakaliden1 4-Sep-95 4 Picea abies Fertilized 110.8 15.87 (6) 100.4 19.7 (6)
Vielsalm 11 8-Aug-93 5 Picea abies 40.7 3.94 (2) 13.6 (6) 29 1.82 (2) 2.91 (6)
Vielsalm 21 1-Aug-96 8 Picea abies Unfertilized 46.6 41.3 6.25 (2) 15.13 (6)
Vielsalm 21 1-Aug-96 8 Picea abies Fertilized 54.8 1.23 (3) 56.3 22.05 (2) 23.06 (5)
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Glencorse BB1 14-Aug-94 4 Picea sitchensis 27.8 4.55 (6) 28 3.39 (6)
Mekrijarvi OTC1 28-Jul-94 3 Pinus sylvestris Ambient T 60.3 2.9 (4) 58.8 1.4 (4)
Mekrijarvi OTC1 28-Jul-94 3 Pinus sylvestris Elevated T 56.7 1.3 (4) 59.4 1.7 (4)
UIA Pine 1-Aug-96 1 Pinus sylvestris 121.7 7.07 (2) 14.32 (6) 107 4.24 (2) 12.42 (8)
UIA Pine 15-May-97 2 Pinus sylvestris C+1 needles 108.8 4.63 (2) 9.35 (8) 105.8 0.83 (2) 12.74 (8)
UIA Pine 15-Jul-97 2 Pinus sylvestris C needles 118.6 1.42 (2) 25.49 (18) 90.1 13.06 (2) 14.33 (12)
UIA Pine 15-Jul-97 2 Pinus sylvestris C+1 needles 110.8 1.41 (2) 28.52 (16) 51.2 1.56 (2) 6.71 (11)
UIA Pine1 15-Sep-97 2 Pinus sylvestris C needles 162.5 26.4 (2) 47.24 (12) 114 6.71 (2) 33.01 (12)
UIA Pine 15-Sep-97 2 Pinus sylvestris C+1 needles 109.0 9.82 (2) 22.63 (12) 75.4 12.66 (2) 25.16 (12)
Macchia1 1-Jun-94 3 Phillyrea angustifolia 64.7 13.91 (2) 14.98 (4) 65.8 1.68 (2)
Macchia1 1-Jun-94 3 Pistacia lentiscus 85 15.64 (2) 15.09 (4) 60.1 5.37 (2) 5.65 (4)
Macchia1 1-Jun-94 3 Quercus ilex 66.2 19.93 (2) 16.28 (4) 72.1 3.25 (2) 3.3 (4)
Headley Mixed1 1-Jul-96 3 Quercus petraea 42 5.09 (2) 8.75 (10) 35 1.47 (2) 8.47 (12)
Headley Oaks 1-May-97 1 Quercus petraea 61.4 7.95 (4) 14 (8) 49 10.82 (4) 15 (8)
Headley Oaks 1-Jun-97 1 Quercus petraea 75.3 7.94 (4) 14 (8) 71.4 6.81 (4) 10 (8)
Headley Oaks 1-Jul-97 1 Quercus petraea 64 6.12 (4) 8 (8) 74.9 7.15 (4) 9 (8)
Headley Oaks1 1-Aug-97 1 Quercus petraea 86.6 18.51 (4) 8 (8) 95.6 12.09 (4) 9 (8)
Headley Oaks1 1-Jul-97 1 Quercus rubra 48 4.64 (4) 6 (8) 49.8 3.84 (4) 8 (8)
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 The meta-analysis shows that Jmax and Vcmax were both significantly reduced by approximately 10%
by growth in elevated [CO2] across all the experiments (Table 4.4). The reduction in these
parameters indicates that growth in elevated [CO2] did cause some adjustment in photosynthetic
capacity at the biochemical level. It appears that growth in elevated [CO2] affected Jmax and Vcmax
equally, since both were reduced by a similar amount, and the relationship between Jmax and Vcmax
did not change in elevated [CO2] (Figure 4.1).

The values of Jmax and Vcmax obtained from the experiments are listed in Table 4.5. Simple
inspection of Tables 4.1 and 4.5 shows that no single experimental factor can be used to separate
those experiments in which photosynthesis was down-regulated from those in which it was not.
Meta-analysis was used to test this conclusion, using the methodology of Curtis and Wang (1998).
Experiments were categorised according to water availability (high, or low or intermediate),
nutrient availability (high, or low or intermediate), age of plants (young or mature), functional
group (coniferous, deciduous, or broadleaf evergreen) and experiment type (branch bag, open-top
chamber, or mini-ecosystem) (Table 4.1). Each grouping was tested to determine if the response of
Amax, Jmax and Vcmax to elevated [CO2] differed between any categories. None of the tests showed
any significant difference between categories (P > 0.14 in all cases), suggesting that down-
regulation cannot easily be attributed to any one single experimental factor.

4.3.3.2 Effects of elevated [CO2] on photosynthesis over time

One limitation of the meta-analysis procedure is that only one observation from each experiment
can be included, because of the requirement that observations be independent. Observations were
taken, where possible, from the middle of the growing season in the final year of the experiment.
However, the effect of elevated [CO2] on photosynthesis may change over time. Photosynthetic
rates change as foliage ages and senesces, and this process may be hastened or delayed by growth in
elevated [CO2] (Curtis and Teeri 1992; Lewis et al. 1996; Murthy et al. 1996). Additionally,
feedbacks to photosynthesis from growth in elevated [CO2], such as nutrient limitation, may take
time to develop (Gifford et al. 1996). Such feedbacks may only become apparent after several
growing seasons of exposure. Thus, the effect of elevated [CO2] on photosynthesis may change
during the course of a year, or from year to year. It is therefore necessary to examine the time
course of the [CO2] response, in addition to conducting the meta-analysis on ‘snapshot’
observations.

The effects of elevated [CO2] on photosynthesis at different times during the growing season were
measured in seven of the experiments: Glencorse OTC, Glencorse BB, Bily Kriz, UIA Pine, UIA
Poplar Coppice, Headley Oaks and Orsay. There was some evidence for increasing down-regulation
of photosynthesis with foliage age (Figure 4.2). In the Glencorse OTC (birch), the stimulation of
photosynthesis by elevated [CO2] declined steadily from June to September. Similar patterns were
observed in beech at Orsay (cf. Table 4.5) and in both poplar species in the UIA Poplar Coppice
experiment. The one exception among the deciduous species was the Headley Mixed Oaks
experiment, in which stimulation of photosynthesis by elevated [CO2] increased over the period
May to early September. Foliage age influenced the photosynthetic response to elevated [CO2] in
conifers also. Down-regulation of photosynthesis increased dramatically between April and October
in P. abies at Bily Kriz. It should be noted, however, that in this experiment, [CO2] fumigation
ceased during winter and was only re-started in April of each year. Stimulation of photosynthesis by
elevated [CO2] was also less in one-year-old needles, compared to current-year needles, in both P.
sylvestris (UIA Pine) and P. sitchensis (Glencorse BB).
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Figure 4 .2  Effect size of elevated [CO2] on Amax, expressed as a ratio of the elevated [CO2] value to the ambient [CO2]
value, as a function of foliage age (calculated from January of year of initiation). Open symbols, values for
conifers; filled symbols, values for broadleaves. Key to experiments: � Bily Kriz; ✧  Glencorse BB; ∆ UIA
Pine; ■  Glencorse; ◆  UIA Poplar (Beaupré); ▲ UIA Poplar (Robusta).

Figure 4 .3  Effect size of elevated [CO2] on Amax, expressed as a ratio of the elevated [CO2] value to the ambient [CO2]
value, as a function of years of [CO2] treatment. (a) Values from experiments with mature trees. Key: ■
Flakaliden BB (fertilized); � Flakaliden BB (unfertilized);  Bily Kriz; ▲ Glencorse BB. (b) Values from
experiments with young trees. Key: ■  UIA Pine; ▲ Berlin 2;  Orsay; ◆  Headley mixed (Quercus petraea).
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The effects of elevated [CO2] on photosynthesis in different years were also measured in several of
the experiments (Figure 4.3). In the experiments with mature trees, the effect of elevated [CO2] on
photosynthesis did not change with increasing exposure length.  In the branch bag experiments at
Glencorse (Picea sitchensis) and at Flakaliden (P. abies), photosynthesis was stimulated by elevated
[CO2] to the same degree in the third or fourth growing season as it was in the first. The mature P.
abies growing in open-top chambers at Bily Kriz showed down-regulation of photosynthesis, but
the degree of down-regulation did not increase between the first and third years of the experiment.
In young beech trees growing in the Berlin mini-ecosystems, photosynthesis continued to be
stimulated to the same extent by elevated [CO2] for four years. In three other experiments with
young trees, however, photosynthesis was stimulated less by elevated [CO2] in the later years of the
experiment. In the UIA Pine experiment, down-regulation of photosynthesis occurred in the second
year, but not in the first. In the Orsay experiment, photosynthesis was up-regulated in the second
year but not in the third. In the Headley Mixed experiment, down-regulation became apparent in the
third year of the experiment. Thus, growth in elevated [CO2] can cause long-term feedbacks on
photosynthesis which take several years to develop. In our experiments, such feedbacks were most
evident in young, rapidly growing plants.

4.3.3.3 Interaction with nitrogen availability

Photosynthetic rates are generally related to leaf nitrogen content (Field and Mooney 1986) and
relationships with leaf nitrogen are commonly used to estimate the parameters Jmax and Vcmax (Field
1983, Harley et al. 1992). Thus, if photosynthesis is down-regulated in elevated [CO2], it is
pertinent to ask whether this is caused by a reduction in leaf nitrogen content, or a shift in the
relationship between the photosynthetic parameters and leaf nitrogen.

Meta-analysis was used to analyse whether growth in elevated [CO2] leads to changes in leaf
nitrogen concentration (Table 4.4). When expressed on a per unit mass basis, leaf nitrogen (Nm) was
significantly reduced, by approximately 15%, in elevated [CO2]. However, this was compensated
for by a similar decrease in specific leaf area, so that leaf nitrogen per unit area (Na) was unchanged
in elevated [CO2]. The general reduction in leaf nitrogen concentration may thus be thought of as a
dilution effect, caused by increased leaf mass per unit area. The increase in leaf mass per area was
at least partly caused by an accumulation of starch; starch content per unit area increased
significantly in elevated [CO2] (Table 4.4). The dilution effect does not account for the down-
regulation of photosynthesis on an area basis, since leaf nitrogen per unit area was unchanged. Leaf
chlorophyll per unit area was also not significantly reduced in elevated [CO2] (Table 4.4).

However, although the meta-analysis shows no general reduction in leaf nitrogen per unit area, it
does not necessarily follow that leaf nitrogen plays no role in causing photosynthetic down-
regulation. Figure 4.4  compares the ratio of values of Vcmax measured in elevated and ambient
[CO2], to the ratio of the values of Na in elevated and ambient [CO2]. There is a clear correlation
between the effect of elevated [CO2] on Vcmax and that on Na. Thus, although there was no general
reduction in Na in elevated [CO2] across all experiments, those experiments in which there was a
reduction in Na also tended to show a reduction in Vcmax. The correlation implies that there is a link
between effects of elevated [CO2] on leaf nitrogen and its effects on photosynthesis.

We also investigated whether the relationships between the photosynthetic parameters, Jmax and
Vcmax, and leaf nitrogen concentration, changed in elevated [CO2]. A down-regulation in
photosynthesis could be explained by a downward shift in these relationships in elevated [CO2].
These relationships were examined in six of the experiments (Table 4.6). The source of variation in
leaf nitrogen content differed between the different experiments; data from different measurement
periods, years, canopy layers and nutrient treatments were combined to obtain these relationships.
In the case of deciduous species, it was appropriate to combine data from foliage of different ages,
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but foliage of different age classes in pine behaved sufficiently differently to warrant fitting separate
relationships.

For foliage less than one year old, the strength of the relationships between Jmax or Vcmax and Na
varied across the experiments and treatments, with values of r2 ranging from 0.08 to 0.94, but in
most cases good correlations were found. The probabilities that the relationships do not differ
between ambient and elevated [CO2] treatments are given in Table 4.6. The relationships between
Vcmax and Na are illustrated in Figure 4.5. The relationships are statistically different (P < 0.05)
between ambient and elevated [CO2] treatments for UIA Pine, Mekrijärvi OTC and Headley Oaks
experiments. However, Figure 4.5 demonstrates that in only one of these experiments, UIA Pine,
did the difference take the form of a reduction in the photosynthetic parameters per unit leaf
nitrogen. We conclude that, for current foliage, down-regulation which is related to a downward
shift in the photosynthetic parameters - nitrogen relationship can occur, but is perhaps less likely
than downregulation caused by reduced leaf nitrogen, since the former only occurred in one of six
experiments.

The relationships between photosynthetic parameters and leaf nitrogen differed considerably
between different age classes of needle in pine (Table 4.6), with the relationships shifting
downwards with increasing needle age. The downward shift in older needles was more pronounced
in elevated than in ambient [CO2] (Table 4.6), which may indicate that needles aged more rapidly in
elevated [CO2].

Figure 4.4   Effect size of elevated [CO2] on Vcmax, expressed as a ratio of the elevated [CO2] value to the ambient [CO2]
value, versus the effect on leaf nitrogen content per unit area. Key: ■  values included in the meta-analysis; �
other values.
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Table 4.6 Relationships between photosynthetic parameters Jmax and Vcmax (µmol m-2 s-1) and leaf N concentration (Na, g m-2) in ambient and elevated [CO2], obtained from
ECOCRAFT experiments. P = probability that regression lines from ambient and elevated [CO2] treatments are coincident. Regression lines are illustrated in Figure 4.5.
Values from different years, different fertilisation treatments, and different canopy layers were combined to obtain these relationships.

(a) Regressions of Jmax against Na.

Experiment Species Ambient r2 n Elevated r2 n p Combined r2

Berlin 2 Fagus sylvatica 55.6 Na – 7.8 0.7 59 66.1 Na –14.1 0.79 60 0.05 60.2 Na – 10.4 0.73

Orsay Fagus sylvatica 40.1 Na + 24.1 0.26 21 36.5 Na + 41.6 0.21 25 0.45 39.3 Na + 31.5 0.24

Headley Oaks Quercus petraea 75.9 Na + 42.5 0.34 29 135.5 Na –34.1 0.74 30 0.007 110 Na – 4.8 0.55

Flakaliden Picea abies 16.2 Na + 137.3 0.10 21 48.7 Na + 18 0.51 21 0.087 35.4 Na + 67 0.33

Mekrijarvi OTC Pinus sylvestris 23.8 Na – 8.2 0.73 20 33.8 Na – 38.8 0.88 20 0.036 26.8 Na – 18.4 0.83

UIA Pine Pinus sylvestris C 53.1 Na + 213.2 0.44 16 92.7 Na + 58.1 0.79 15 <0.001 68.4 Na + 142.0 0.53

Pinus sylvestris C+1 7.9 N + 266.7 0.02 24 87.6 N - 51.0 0.74 22 <0.001 53.3 Na + 84.9 0.36

(b) Regressions of Vcmax against Na

Experiment Species Ambient r2 n Elevated r2 n p Combined r2

Berlin 2 Fagus sylvatica 32.6 Na – 0.46 0.66 59 37.4 Na – 4.4 0.71 60 0.54 34.9 Na – 2.4 0.68

Orsay Fagus sylvatica 17.6 Na + 17.8 0.16 21 15.1 Na + 23 0.15 25 0.96 15.7 Na + 21.4 0.16

Headley Oaks Quercus petraea 12.7 Na + 50 0.08 29 34.3 Na + 17 0.60 30 0.055 25.7 Na + 29.5 0.34

Flakaliden Picea abies 20 Na + 24.2 0.4 21 27.4 Na – 9.8 0.59 21 0.11 24.8 Na + 3.3 0.49

Mekrijarvi OTC Pinus sylvestris 11.4 Na – 0.64 0.81 20 16.1 Na – 16.8 0.94 20 0.024 13.6 Na – 9 0.90

UIA Pine Pinus sylvestris C 13.5 Na + 106 0.19 29 15.8 Na + 70.2 0.27 24 <0.001 15.2 Na + 29.1 0.49

Pinus sylvestris C+1 -2.5 N + 116 0.01 35 15.2 N + 29.1 0.49 31 <0.001 8.8 Na + 64.7 0.11
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Figure 4.5 Relationships between the photosynthetic parameter Vcmax and leaf nitrogen concentration obtained from
ECOCRAFT experiments: (a) Orsay; (b) Berlin 2; (c) Headley Oaks; (d) Flakaliden BB; (e) Mekrijärvi OTC;
(f) UIA Pine. The equations for the regression lines are given in Table 4.6. Key: filled symbols and solid
lines, ambient [CO2]; open symbols and dashed lines, elevated [CO2].
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4.3.4 Discussion: Photosynthesis

4.3.4.1 Meta-analysis

The results from the current study are generally comparable with results from previous meta-
analyses based on published literature (Curtis 1996, Curtis and Wang 1998). The results of the
meta-analysis of leaf nitrogen content in the current study agree closely with those of Curtis (1996):
both studies conclude that leaf nitrogen per unit mass and specific leaf area are reduced, but leaf
nitrogen per unit area is unaffected by growth in elevated [CO2]. With respect to photosynthetic
rates, Curtis and Wang (1998) also found that Amax was strongly stimulated by growth in elevated
[CO2], by 52%. Interestingly, however, Curtis and Wang (1998) found no reduction in
photosynthetic rates measured at a common [CO2] across their dataset, whereas this study found a
significant 18% reduction in A350. The two studies are based on quite different sets of experiments:
while our study includes only long-term, field-based experiments, Curtis and Wang’s (1998) study
included short-term and indoor pot experiments as well.

Curtis and Wang (1998) also used meta-analysis techniques to test for differences in effect size
between categorical groupings of experiments. We followed the same procedure in the current
study, but found no differences in effect size between categories in any grouping, in contrast to a
number of other studies. Ceulemans and Mousseau (1994), for example, reported a difference in the
CO2 response of growth between coniferous and deciduous species, while McGuire et al. (1995)
found an effect of nutrition on the CO2 response of photosynthesis. It has also been suggested that
responses in branch-bag experiments should differ those in whole-tree exposures, as feedbacks
which operate at the whole-tree level would not be observed (Saxe et al. 1998). In this study, none
of these differences between categories were observed, indicating that the CO2 response was
somewhat independent of experimental technique. Unfortunately, this finding is not strong, because
the small number of experiments limited the utility of the testing procedure. It was not possible to
carry out a two-level categorisation (e.g. nutrient level x functional grouping) because some
categories then contained too few experiments.

A further limitation to the meta-analysis is that only one time-point from each experiment can be
included. It was helpful to examine time series of effect sizes as an adjunct to the meta-analysis.
Comparison of effect sizes at different time points showed that down-regulation of photosynthesis
in elevated [CO2] tended to increase with increasing foliage age, and also increased with increasing
exposure length in several OTC experiments with young trees.

4.3.4.2 Parameter values

The parameter values compiled in Tables 5 and 6 provide a useful resource to parameterise models
of European forest species. The full ECOCRAFT database provides additional information, such as
experiment design and measurement protocols, which is helpful in interpreting individual parameter
values.

The values of Jmax and Vcmax given in Table 4.5 show considerable variation within a single species.
As the relationships in Table 4.6 indicate, much of this variation can be accounted for by leaf
nitrogen content. Additional sources of variation in the parameters from a single species include
spatial and temporal variation, and measurement protocol. There are differences in the values of
different functional groups of trees; for example, the mean parameter values (on a projected needle
area basis) are higher in evergreen than in deciduous species (Table 4.5). The mean parameter
values from the ambient [CO2] treatments for deciduous species (Jmax = 114 ± 21 µmol m-2 s-1, Vcmax
= 49 ± 20 µmol m-2 s-1, n = 6) are comparable to those reported in a catalogue of values obtained by
Wullschleger (1993) (Jmax = 104 ± 64 µmol m-2 s-1, Vcmax = 47 ± 33 µmol m-2 s-1, n = 19). For
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conifers, Wullschleger (1993) gives values expressed on a total needle area basis, which can be
converted to a projected needle area basis by multiplying by a factor of 2.3 – 3.2 (depending on
needle shape). After allowing for this conversion, the mean ambient [CO2] parameter values for
coniferous species in this study (Jmax = 166 ± 36, Vcmax = 72 ± 14, n = 9) are also comparable to
those of Wullschleger (1993) (Jmax = 40 ± 32, Vcmax = 25 ± 12, n = 10). Wullschleger (1993) also
reported a strong relationship between Jmax and Vcmax across species. A similar relationship was also
found in this study (Figure 4.1).

The relationships between Jmax, Vcmax and leaf N concentration given in Table 4.6 indicate some
variability among species and experiments. The two sets of relationships for Fagus sylvatica, from
Berlin and Orsay, cluster about the same regression lines, indicating conservative relationships for
this species (Figure 4.5), at least for young trees. The relationships for Quercus petraea had steeper
slopes than those for F. sylvatica, indicating greater photosynthetic nitrogen use efficiency in the
oaks. The relationships for conifers were all quite different between experiments. Particularly
interesting is the contrast between the relationships from the two Pinus sylvestris experiments
(Figure 4.5). The growing conditions in the two experiments were quite different (Table 4.1); the
UIA Pine experiment concerned two-year-old trees growing rapidly in a temperate climate, while
the Mekrijärvi OTC experiment concerned 25-year-old trees growing in a near-boreal climate. The
different relationships may also have been caused by differences in methodology between the two
experiments (Table 4.2). At Mekrijärvi, gas exchange was measured in the laboratory on cut shoots
in a diffuse radiation field, whereas at UIA gas exchange was measured in the open-top chambers
on attached fascicles.

No prior review has, so far as we know, attempted to compare relationships between Jmax, Vcmax and
leaf nitrogen across species, but a number of studies have looked at the generality of relationships
between Amax and leaf nitrogen. Field and Mooney (1986) found that this relationship is quite
general across species; this conclusion has been recently reinforced with an expanded dataset by
Peterson et al. (1999). However, Evans (1989) analysed the relationship in detail and suggested
that, despite a general overall relationship, there was evidence of interspecific differences in
photosynthetic nitrogen-use efficiency, arising from differences in nitrogen allocation within the
leaf. The current study is consistent with the conclusion drawn by Evans (1989).

4.3.4.3 Effects of elevated [CO2] on photosynthesis

It is clear from the meta-analysis (Table 4.4) that elevated [CO2] stimulates photosynthetic rates
significantly, and that this stimulation generally persists through several years of exposure.
However, the meta-analysis also shows a significant down-regulation of photosynthetic rates, when
measured at the same [CO2] concentration, of the order of 10 - 20%, across the 15 experiments. It is
possible for down-regulation of photosynthesis to be caused by increased stomatal limitation in
elevated [CO2]. To test whether photosynthesis was down-regulated at a biochemical level, we
examined the effects of elevated [CO2] on the biochemical parameters of photosynthesis, Jmax and
Vcmax. These parameters were reduced in elevated [CO2], by approximately 10%, indicating that
photosynthesis was down-regulated at the biochemical level. Examination of the effects of elevated
[CO2] on these parameters over time indicated the existence of long-term feedbacks on
photosynthesis, which developed after one or two years’ exposure to elevated [CO2], in young,
rapidly-growing trees (Figure 4.3). Down-regulation of photosynthesis was also found to be more
likely to occur in older foliage than in younger (Figure 4.2).

Numerous hypotheses have been proposed in the literature to explain down-regulation of
photosynthesis in elevated [CO2]. In order to distinguish between competing hypotheses, we made
use of the derived relationships between the parameters Jmax and Vcmax and leaf nitrogen
concentration. Three alternative hypotheses were considered: (i) reallocation of leaf nitrogen; (ii)
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reduction in leaf nitrogen concentration; and (iii) reduction in photosynthetic nitrogen-use
efficiency.

Consider first the hypothesis that photosynthetic down-regulation results from a re-allocation of
nitrogen in the leaf. The two key processes limiting photosynthesis, electron transport and fixation
of CO2 by Rubisco, both require an investment of nitrogen. In elevated [CO2], the efficiency of CO2
fixation by Rubisco is increased, and it can be shown that a re-investment of leaf nitrogen away
from Rubisco towards chlorophyll and electron transport components would result in enhanced
photosynthetic nitrogen-use efficiency, which should be beneficial to the plant (Sage et al. 1989;
Sage 1994; Medlyn 1996). If this re-allocation were to occur, it would result in an increase in the
ratio of the maximum rate of electron transport (Jmax) to the maximum rate of Rubisco activity
(Vcmax). However, in this study, both Jmax and Vcmax were equally affected by elevated [CO2] (Table
4.4), and the relationship between Jmax and Vcmax was unchanged between ambient and elevated
[CO2] treatments (Figure 4.1). There is thus little evidence to support the hypothesis of reallocation
of leaf nitrogen within the photosynthetic system. The possibility that leaf nitrogen is re-allocated
away from photosynthesis towards other leaf components remains, however, and is discussed
below.

The second hypothesis considered was that increased C uptake in elevated [CO2] is not matched by
an increased nitrogen uptake, resulting in reduced leaf nitrogen concentration and, consequently,
reduced photosynthesis rates. Clear relationships between photosynthesis parameters and leaf
nitrogen concentration were found (Table 4.6). However, across all experiments, leaf nitrogen per
unit area was not significantly reduced (Table 4.4). Despite this finding, it would be wrong to
conclude that reduced leaf nitrogen plays no role in photosynthetic down-regulation, because the
meta-analysis takes no account of the relationship between parameter values from the same
experiment. The observations used in the meta-analysis of Na did not come from exactly the same
subset of experiments as the observations used in the meta-analyses of Jmax and Vcmax, because leaf
nitrogen was not measured in all experiments. When the effects of elevated [CO2] on Vcmax and leaf
nitrogen were compared for those experiments in which both were measured, there was a clear
correlation (Figure 4.4), suggesting that reduced leaf nitrogen concentration is a factor in
photosynthetic down-regulation.

Finally, we consider the hypothesis that photosynthetic down-regulation is caused by a downward
shift in the relationships between the photosynthetic parameters Jmax and Vcmax and leaf nitrogen
concentration. Table 4.6 presents these relationships for ambient and elevated [CO2] treatments
from the ECOCRAFT experiments, and it can be seen that a downward shift in the relationships in
elevated [CO2] was observed in only one of six experiments, namely the UIA Pine experiment
(Figure 4.5). However, such a change in the relationship between Vcmax and leaf nitrogen
concentration has been found in other studies on woody species (Fagus sylvatica, Freeman 1998;
Pinus taeda, Ellsworth et al. 1998). Thus, changes in the relationships between the photosynthetic
parameters and nitrogen can occur in elevated [CO2], in addition to reductions in nitrogen
concentration.

This third hypothesis actually combines several possibilities into one, since various factors could
affect the relationships between the photosynthetic parameters and nitrogen. For example, leaf
nitrogen could be re-allocated away from photosynthesis to other functions, such as storage or
defence (Gleadow et al. 1998). Alternatively, there may be a feedback unrelated to leaf nitrogen.
For example, photosynthesis may be inhibited by a build-up of non-structural carbon in the leaf
(Stitt 1991, Koch 1996). Either of these scenarios would result in a downward shift in the
relationships between the photosynthetic parameters and leaf nitrogen, since the photosynthetic rate
per unit leaf nitrogen would be reduced. We do not have strong evidence for or against either
scenario. However, the lack of a reduction in leaf chlorophyll in elevated [CO2] (Table 4.4) speaks
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against the first possibility, re-allocation of leaf nitrogen, since chlorophyll requires a major
investment of leaf photosynthetic nitrogen (Evans 1989). On the other hand, the second possibility
is plausible, given the increase in leaf starch in elevated [CO2] (Table 4.4).

In summary, the available evidence appears to indicate that there is more than one cause of
photosynthetic down-regulation in elevated [CO2]. Leaf nitrogen per unit area is reduced in some
experiments, reducing photosynthetic rates. The reduction in leaf nitrogen concentration is probably
a result of limited nitrogen availability compared to increased carbon availability. Also, a shift in
the relationships between the photosynthetic parameters and nitrogen is sometimes observed. This
reduction may be associated with a build-up of non-structural carbon in the leaf, following
insufficient demand for carbon in the rest of the plant, although this link remains speculative.

4.3.4.4 Implications for modelling

Process-based models of forest growth commonly incorporate the Farquhar and von Caemmerer
photosynthesis sub-model (see Appendix to Chapter 6). The current study indicates that, on the
basis of a large experimental data set, this photosynthesis sub-model is likely to be adequate for
predictions of long-term responses of forests to increases in atmospheric CO2 concentration. The
strongest effect of elevated [CO2] indicated by the meta-analysis was the large, and continuing,
stimulation of photosynthesis, which is well described by the model. The meta-analysis also
indicated a down-regulation of photosynthesis of the order of 10-20%. Two factors were implicated
in this down-regulation: a reduction of leaf nitrogen concentration, which can be captured in the
model using the relationships between Jmax, Vcmax and leaf nitrogen; and a reduction in
photosynthetic nitrogen-use efficiency, which could only be captured in the model by making
changes to to these relationships in elevated [CO2]. However, this latter effect is not commonly
observed (Table 4.6). Also, the significance of a small down-regulation in photosynthesis in
elevated [CO2] to the whole-plant carbon balance is likely to be small compared to the stimulatory
effect (e.g. Wang et al. 1998), suggesting that our current model of photosynthesis should perform
adequately in elevated [CO2].

4.4 Stomatal Conductance

4.4.1 Introduction

It is well-documented that stomatal conductance (gs) declines when exposed to a short-term increase
in atmospheric CO2 concentration; a doubling of [CO2] from the present concentration generally
results in a reduction in gs of the order of 40% (Morison 1998). If this reduction in gs should also
occur in response to the current gradual increase in atmospheric [CO2], there could be profound
implications for forest carbon and water balance (Field et al. 1995). Using models based on the
short-term response of gs to increasing [CO2], it is generally predicted that forest canopy
evapotranspiration is likely to be reduced, with a resulting increase in soil moisture, and possible
consequences for a wide range of ecological processes including run-off, production, soil
mineralisation, and regional climate change (Field et al. 1995, Sellers et al. 1996, Thornley and
Cannell 1996, Kellomäki and Vaisanen 1997).

However, recent results from long-term experiments have called into question whether long-term
exposure to elevated [CO2] causes a reduction in stomatal conductance, particularly for woody
species (Saxe et al. 1998, Mooney et al. 1999). For example, Curtis and Wang (1998) in a meta-
analysis of 48 studies with woody plants, report a modest and non-significant reduction of just 11%
in response to elevated [CO2]. However, many of the studies incorporated in Curtis and Wang’s
review were relatively short-term, pot-based studies. Thus, the first aim of this section is to use
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meta-analysis to examine how stomatal conductance changes in field-grown trees after several
years’ exposure to elevated [CO2].

The second aim of this section was to interpret the stomatal conductance data in terms of the models
actually used to extrapolate from leaf gs responses to stand scale. To predict effects of elevated
[CO2] on stand carbon and water balance it is not enough just to know the average effect of elevated
[CO2] on stomatal conductance; we also need to know how to incorporate that effect in the models.
Currently, there are two main models used to describe stomatal conductance, the “Jarvis” and the
“Ball-Berry” (see Appendix: to Chapter 6).

The Jarvis model is based on empirical stomatal responses to environmental conditions including
incident radiation, vapour pressure deficit (VPD), temperature, soil water potential, and atmospheric
[CO2] (Jarvis 1976). These empirical responses may be altered in plants grown in elevated [CO2].
For example, elevated [CO2] has been observed to cause reduced sensitivity of gs to VPD (Heath
1998), reduced sensitivity to drought (Heath and Kerstiens 1997), and reduced sensitivity to
atmospheric [CO2] (Santrucek and Sage 1994). In this chapter, we investigate how sensitivity of gs
to environmental conditions changed under elevated [CO2] by fitting the Jarvis model to a range of
data sets.

The Ball-Berry model (Ball et al. 1987) is based on the observed correlation between stomatal
conductance and assimilation (Wong et al. 1978). Assimilation rates are often observed to acclimate
in elevated-[CO2] grown plants (see previous section) and many models assume that stomatal
conductance simply acclimates in parallel, based on the Ball-Berry function (e.g. Sellers et al.
1996).  The question of whether assimilation and gs acclimate in parallel or not is only just
beginning to be tackled (Morison 1998). Drake et al. (1997), in order to address this question,
examined the Ci/Ca ratio (intercellular:atmospheric [CO2]) and reported that there was no change in
this ratio overall, suggesting that gs and assimilation do acclimate in tandem. However, as noted by
Santrucek and Sage (1994), this ratio is not a very sensitive indicator. In this chapter, we address
this problem by fitting the Ball-Berry model to a range of experimental data sets, and observing
whether the parameters of this model change in response to elevated [CO2].

4.4.2 Stomatal Conductance Methods

4.4.2.1 Measurements

Details of the experiments on which stomatal measurements were made are given in Table 1, while
details of the measurements themselves are given in Table 4.7. Most measurements were made
using gas exchange equipment, although porometers were also used in the Headley experiments.
Only data where stomata were given time to equilibrate with measurement conditions were
included.

4.4.2.2 Analysis methods

The meta-analysis procedures used are described earlier in this chapter. In addition, we attempted to
fit the data to one or both stomatal conductance models, which are described fully in the Appendix
to Chapter 6.

The Jarvis (1976) model expresses stomatal conductance as a multiplicative combination of
responses to several environmental factors, e.g.

gs  =  gsmax f1 (Ca) f2 (D) f3 (T) f4 (I) f5 (ψ) (1)
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Table 4.7 Details of stomatal conductance measurements made in ECOCRAFT experiments.

Experiment
Name

Species Equipment Field / Lab Climatic Conditions Sampling References

Branch bags
Flakaliden Picea abies LI-COR 6200 Field Light saturation. Ambient T (5-24°).

Ambient VPD (0 - 1.1 kPa). Growth [CO2]
Current shoots. Roberntz and

Stockfors 1998
Glencorse BB Picea sitchensis ADC LCA3 + light

source
Field Light saturation. Ambient T (18-35°).

Ambient VPD (0.7 - 3.1 kPa). Growth [CO2]
One shoot of each age class. Barton 1997

Mekrijärvi BB Pinus sylvestris automatic open system
(Wang 1996)

Lab T: 20.0°C.  PAR: 50 - 800 µmol m-2 s-1.
CO2: 700 umol mol-1. VPD: 0.6 kPa.

Two shoots from each bag,
established on 3rd whorl.

Wang and Kellomäki
1997a

Mini-ecosystems
Berlin Fagus sylvatica Walz CMS-400 Field Light saturation. T = 25°C. VPD = 1.3 kPa.

Eight [CO2].
Range of canopy depths. Strassemeyer and

Forstreuter 1998
Open-top
chambers
Glencorse Betula pendula Li-Cor 6200 + home-

made light source
Field Light saturation. Ambient T (20 - 30°).

Ambient VPD (0.8 - 3.0 kPa). Growth [CO2]
Three leaves per tree from the
middle-bottom crown.

Rey 1997

Headley mixed Pinus sylvestris,
Quercus robur,
Fraxinus excelsior

Delta-T AP4
porometer

Field Ambient PAR (25 - 1100 µmol m-2 s-1).
Ambient T (20 - 35°). Ambient VPD (0 - 4
kPa). Growth [CO2]

Youngest fully expanded mature
leaves sampled from top of
canopy growing in full sun.

Headley oaks Quercus petraea,
Quercus robur,
Quercus rubra

Delta-T AP4
porometer

Field Ambient PAR (25 - 1200 µmol m-2 s-1).
Ambient T (10 - 34°). Ambient VPD (0 - 4
kPa). Growth [CO2]

Youngest fully expanded mature
leaves sampled from top of
canopy growing in full sun.

Macchia Quercus ilex,
Pistacia lentiscus,
Phillyrea
angustifolia

ADC-LCA4 Field Ambient PAR. Ambient T (25 - 38°C).
Ambient VPD (0 - 6 kPa). Growth [CO2].

Five to ten sun leaves for each
species.

Scarascia-Mugnozza
et al. 1996

Mekrijärvi OTC Pinus sylvestris automatic open system
(Wang 1996)

Lab T: 7.0-33.0°C.  PAR: 50-1400 µmol m-2 s-1.
CO2: 20-1400 umol mol-1. VPD: 0.3-2.0 kPa.

Current shoot from second whorl. Kellomäki and Wang
1996

UIA Poplar
Coppice

Populus
Robusta,Populus
Beaupre

ADC-LCA3 Field Light saturation. T: 25-30°. RH: 30-50%.
Growth and reciprocal [CO2].

2 or 3 ramets per clone. Will and Ceulemans
1997

Vielsalm Fert Picea abies Binos 100 IRGA Field Light saturation (> 800 µmol m-2 s-1).
T: 15-20°. VPD: < 1.0 kPa. Growth [CO2].

Randomly sampled.
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where Ca is the atmospheric [CO2] (µmol mol-1); D is the leaf to air vapour pressure deficit (kPa); T
is the leaf temperature (°C); I is the incident PAR (µmol m-2 s-1); and ψ is the soil water potential
(bar). To fully fit this model requires measurements of gs under varying conditions of all variables,
and the variables should not be correlated (Jarvis 1976). Such data-sets are difficult to obtain in
practice; in most cases the data-sets we had available included responses to only one or two of these
variables. Thus, in place of the full model, we individually fitted as many of the functions f1 .. f5 as
possible to each data-set.

The Ball-Berry model is as follows:

gs = g0 + g1 A hs / Ca (2)

where A is the assimilation rate (µmol m-2 s-1); hs is the relative humidity at the leaf surface; and g0
and g1 are the parameters to be fitted. We also investigated the correlation between assimilation and
stomatal conductance more directly by fitting the reduced model:

gs = g0 + g1 A / Ca (3)

Leuning (1995) proposed the following amendment to the Ball-Berry model, which has proved
popular with modellers:

gs = g0 + g1 A / (Ca (1 + D/D0)) (4)

However, this model is in practice difficult to fit, owing to the additional parameter D0 which is
highly correlated with the slope g1, and hence we have not made use of this form of the model.

All model fits were performed using SigmaPlot for Windows Version 5.0 (SPSS Inc.).

Table 4.8 Mean values of stomatal conductance to water vapour at ambient and elevated [CO2] taken from
ECOCRAFT experiments. Values are given in mmol m-2 s-1. For conifers, values are expressed on a projected
leaf area basis. Values indicated with * were included in the meta-analysis. SD = standard deviation of
replicates; n = number of replicate chambers in which gs was measured; E/A = ratio of mean value at
elevated [CO2] to that at ambient [CO2].

Ambient Elevated E/A
Species Date Notes Mean SD n Mean SD n

Flakaliden
Picea abies 1994 C (92) 95 6.0 3 75 17.0 3 0.796
Picea abies 1994 IL (92) 97 3.3 2 92 59.3 2 0.946
Picea abies* 1995 C (92) 124 16.6 3 118 29.6 3 0.957
Picea abies* 1995 IL (92) 173 11.3 3 164 58.8 3 0.947
Picea abies 1994 C (94) 126 19.5 2 113 35.3 2 0.901
Picea abies 1994 IL (94) 109 7.9 2 122 10.0 2 1.118
Picea abies 1995 C (94) 145 25.7 3 133 21.2 3 0.920
Picea abies 1995 IL (94) 141 13.5 3 134 30.8 3 0.951

Vielsalm Fert
Picea abies July 96 Fert. 47 1 48 1 1.007
Picea abies July 96 Unfert. 75 1 53 1 0.700
Picea abies* Aug 97 Fert. 101 1 104 1 1.033
Picea abies* Aug 97 Unfert. 126 1 82 1 0.655

Glencorse BB
Picea sitchensis 13/7/93 C+1 75 28.1 6 30 3.4 3 0.402
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Picea sitchensis 22/7/93 C+1 77 52.1 4 74 57.1 4 0.958
Picea sitchensis 10/8/93 C+1 89 56.3 5 56 28.7 5 0.638
Picea sitchensis 24/8/93 C+1 79 34.6 6 56 35.7 6 0.708
Picea sitchensis 28/9/93 C+1 93 38.8 6 47 25.5 6 0.502
Picea sitchensis 12/7/93 C 143 40.4 6 108 42.3 6 0.756
Picea sitchensis 22/7/93 C 117 51.8 4 124 35.5 3 1.052
Picea sitchensis 10/8/93 C 112 32.8 5 120 74.1 5 1.072
Picea sitchensis* 24/8/93 C 98 30.9 6 94 39.6 6 0.960
Picea sitchensis 28/9/93 C 67 26.2 6 73 45.6 6 1.096

Mekrijärvi OTC
Pinus sylvestris* 1994 Amb. T 145 10.6 4 121 10.4 4 0.839
Pinus sylvestris* 1994 Elev. T 152 8.7 4 142 9.3 4 0.935

Mekrijärvi BB
Pinus sylvestris* 1996 Unfert. 138 21.4 4 117 25.1 4 0.847
Pinus sylvestris* 1996 Fert. 162 28.9 4 147 30.8 4 0.905

Headley mixed
Quercus petraea* Jun-96 +H2O 201 33.5 4 140 28.5 4 0.696
Quercus petraea* Jun-96 -H2O 157 22.3 4 112 20.4 4 0.711
Fraxinus excelsior* Jun-96 +H2O 184 35.2 4 100 10.9 4 0.540
Fraxinus excelsior* Jun-96 -H2O 69 23.0 4 69 32.4 4 1.002

Headley oak
Quercus petraea* Aug-98 175 4.6 4 122 27.0 4 0.700
Quercus robur* Aug-98 180 49.3 4 99 17.9 4 0.550
Quercus rubra* Aug-98 108 1.8 4 67 15.6 4 0.622

Macchia
Measurements at low VPD (1 kPa)

Quercus ilex* Jun-94 153 53.0 2 135 0.0 2 0.885
Pistacia lentiscus* Jun-94 305 14.1 2 183 102.5 2 0.598
Phillyrea
angustifolia*

Jun-94 234 1.8 2 188 1 0.802

Measurements at normal VPD (2 - 4 kPa)
Quercus ilex Jun-94 47 3.8 3 44 7.1 3 0.929
Pistacia lentiscus Jun-94 105 28.5 3 59 5.0 3 0.556
Phillyrea
angustifolia

Jun-94 103 10.3 3 88 34.9 3 0.854

Glencorse OTC
Betula pendula Jun 94 289 202.6 5 193 155.6 5 0.669
Betula pendula Jul 94 279 102.4 6 235 136.0 5 0.843
Betula pendula* Aug 94 220 65.9 6 167 78.9 6 0.757
Betula pendula Sept 94 177 39.3 6 103 24.3 6 0.580

UIA Poplar
Coppice
Poplar Beaupre May 95 214 18.4 2 200 2.3 2 0.937
Poplar Beaupre* Aug 95 244 10.0 2 222 24.9 2 0.907
Poplar Robusta May 95 231 3.3 2 203 7.9 2 0.878
Poplar Robusta* Aug 95 243 9.0 2 217 41.5 2 0.893

Berlin
Fagus sylvatica 1994 55 1 42 1 0.758
Fagus sylvatica 1995 46 1 26 1 0.570
Fagus sylvatica 1996 57 1 49 1 0.863
Fagus sylvatica* 1997 46 1 39 1 0.845
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4.4.3 Results: Stomatal Conductance

4.4.3.1 Meta-analysis

The mean values of stomatal conductance under ambient and elevated [CO2] from each experiment
are given in Table 4.8. The meta-analysis presented in Table 4.9 shows that there was a significant
reduction in stomatal conductance across this set of experiments, of approximately 20%. The mean
effect size was 0.77, with a 95% CI of (0.71, 0.85) (n = 22). There appeared to be a difference in
response between functional groups, with the reduction in gs being less for conifers than deciduous
species, as was also noted by Saxe et al. 1998. Responses were also found to differ between mature
(> 10 year old) and young plants; unfortunately there was a confounding effect with functional
group here, as most of the experiments with older plants were carried out on conifers. Plants were
also categorised according to stress level, but no difference in response was observed between
stressed and unstressed plants.

Table 4.9 Meta-analysis of stomatal conductance values. p = probability that response was different between the two
categories.

Mean Response 95% CI n p
Overall 0.78 0.72 – 0.85 23
Coniferous 0.90 0.80 – 0.99 9
Deciduous 0.74 0.66 – 0.81 14 0.01*
Mature 0.89 0.80 – 0.99 10
Young 0.74 0.66 – 0.81 13 0.01*
Nutrient stress 0.88 0.77 – 0.98 7
Water stress 0.76 0.59 – 0.94 5
Stressed 0.76 0.69 – 0.83 11 0.18

4.4.3.2 The Jarvis model: Environmental effects on stomatal conductance

Response to VPD

For several of the data sets (Glencorse BB, Headley mixed, and Macchia) the only independent
variable to which stomatal conductance could be related was VPD. Light varied but did not appear
to affect stomatal conductance, and temperature was highly correlated with VPD. The Mekrijärvi
data set, by contrast, included response curves of stomatal conductance to VPD with all other
variables held constant. We chose to fit a simple linear response to VPD to ensure that the same
model could be fitted to all data sets. The equation fitted was:

f(D) = 1 – D/D0 (5)

where D0 is the value of VPD at which stomatal conductance becomes zero.

In order to test whether the sensitivity to VPD differed between ambient and elevated [CO2]
treatments, we examined whether the parameter D0 was altered between treatments. The values of
D0 found for each experiment are shown in Table 4.10. There was a trend for D0 to be reduced in
elevated [CO2], which would indicate an increased sensitivity of stomata to VPD, but this change
was only significant in the Mekrijärvi ambient temperature treatment. The responses to VPD are
illustrated in Figure 4.6; there it may be seen that the sensitivity to VPD is not strongly affected by
growth in elevated [CO2].
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Figure 4.6 Responses of stomatal conductance to VPD measured in ECOCRAFT experiments. Filled squares: ambient
[CO2]; open squares: elevated [CO2]. Solid and dotted lines show regressions fitted to ambient and elevated
[CO2] treatments, respectively. (a) Glencorse BB, C+1 needles. (b) Headley mixed, Q. robur, Watered
treatment. (c) Headley mixed, Q. robur, Droughted treatment. (d) Mekrijärvi OTC, ambient temperature
treatment. (e) Mekrijärvi OTC, elevated temperature treatment. (f) Macchia, Q. ilex. (g) Macchia, P.
angustifolia. (h) Macchia, P. lentiscus.
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Table 4.10 Values of D0 (in kPa), the Jarvis model parameter describing the response to VPD (eqn 5). The standard
error is given in parentheses.

Experiment Species / Treatment Ambient [CO2] Elevated [CO2] Combined
Edinburgh BB 4.00 (0.90) 3.64 (0.76) 3.85 (0.59)
Headley mixed Watered 5.23 (0.70) 4.57 (0.43) 4.83 (0.38)
Headley mixed Droughted 6.21 (1.00) 5.68 (1.11) 6.02 (0.75)
Mekrijärvi OTC Ambient temperature 4.72 (0.38) 3.85 (0.26) 4.32 (0.24)
Mekrijärvi OTC Elevated temperature 7.30 (0.79) 6.29 (0.56) 6.81 (0.47)
Macchia Q. ilex 8.56 (1.26) 7.92 (1.06) 8.32 (0.84)
Macchia P. angustifolia 9.71 (5.61) 14.4 (5.34) 11.3 (4.65)
Macchia P. lentiscus - 7.96 (2.67) 11.1 (6.17)

Response to soil water content

The response to soil water content was examined by comparing the watered and droughted
treatments in the Headley mixed experiment. Data with VPD > 1.0 kPa were excluded, then values
from both irrigation treatments were combined to obtain a response of stomatal conductance to soil
water content, shown in Figure 4.7. To these responses the following simple model was fitted:

f(ψ) = 1 – ψ/ψ0 (6)

where ψ0 is the value of soil water potential (bar) at which stomatal conductance becomes zero. The
parameter ψ0 was examined to test whether sensitivity to soil water content changed in elevated
[CO2]. The values of this parameter are given in Table 4.11 and illustrate that, while sensitivity of gs
to soil water potential was much higher in ash than in oak, there was no effect of growth [CO2] on
this sensitivity for either species.

Table 4.11 Values of ψ0 (in bar), the Jarvis model parameter describing response to soil water potential (eqn 6). The
standard error is given in parentheses.

Experiment Species Ambient [CO2] Elevated [CO2] Combined
Headley mixed Q. robur 0.58 (0.29) 0.62 (0.37) 0.59 (0.21)
Headley mixed F. excelsior 0.18 (0.01) 0.25 (0.05) 0.19 (0.02)

Figure 4.7: Response of stomatal conductance to soil water potential. Symbols and lines as for Figure 4.6. (a) Headley
mixed, Q. robur. (b) Headley mixed, F. excelsior.
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Response to atmospheric [CO2]

The long-term effect of [CO2] on stomatal conductance is indicated by the results of the meta-
analysis. However, we can also ask whether the short-term sensitivity of stomata to [CO2] is
affected by growth at elevated [CO2]. To investigate this possibility, we utilised measurements of gs
made at ambient and doubled [CO2] in both ambient and elevated [CO2] treatments. To these data
we fitted the linear model

f(Ca) = 1 – (1 – a)(Ca/350 – 1) (7)

where the parameter a is the fractional response in gs to a doubling in [CO2] from 350 to 700 ppm,
and is comparable to the E/A ratio discussed in the meta-analysis. Values of this parameter are
shown in Table 4.12. In the ambient [CO2] treatments, sensitivity of gs to [CO2] over the range 350
– 700 ppm varied between the experiments, with plants in the Macchia and Berlin experiments
showing a strong sensitivity to [CO2] (a ≈ 0.6) and plants in the UIA Poplar and Mekrijärvi
experiments showing none (a ≈ 1). In those experiments where the ambient-grown plants showed a
short-term sensitivity to [CO2], this sensitivity appeared to be reduced by growth at elevated [CO2]
(a ≈ 0.8). On the other hand, in those experiments where there was no sensitivity to short-term
changes in [CO2] in the ambient-grown plants, there was a similar lack of sensitivity in elevated-
grown plants.

Table 4.12 Values of a, the Jarvis model parameter describing response to atmospheric [CO2] (eqn 7). The standard
error is given in parentheses.

Experiment Species / Treatment Ambient [CO2] –
Short Term

Elevated [CO2] –
Short Term

Macchia Q. ilex 0.60 (0.04) 0.71 (0.04)
Macchia P. lentiscus 0.65 (0.04) 0.80 (0.09)
Berlin 0.61 (0.03) 0.76 (0.03)
UIA Poplar Coppice Clone ‘Beaupré’ 1.02 (0.04) 0.94 (0.02)
UIA Poplar Coppice Clone ‘Robusta’ 0.93 (0.04) 0.91 (0.03)
Mekrijärvi OTC Ambient temperature 1.07 (0.06) 1.03 (0.07)
Mekrijärvi OTC Elevated temperature 1.04 (0.04) 1.00 (0.04)

4.4.3.3 The Ball-Berry model: Relationship between stomatal conductance and assimilation

According to the Ball-Berry model (eqn 6),

gs(Ca = 350) = g0 + g1 A(Ca = 350) hs / 350
and

gs(Ca = 700) = g0 + g1 A(Ca = 700) hs / 700.

Dividing the second line by the first, and assuming the parameter g0 to be negligible, the E/A ratio
of photosynthesis (A(Ca = 700) / A(Ca = 350)) should be approximately twice the E/A ratio of stomatal
conductance (gs(Ca = 700) / gs(Ca = 350)). Thus, as a first test of whether stomatal conductance and
assimilation acclimate in parallel to growth in elevated [CO2], we plotted the E/A ratio of A against
the E/A ratio of gs and compared the plot to the 2:1 line (Figure 4.8). Some scatter is to be expected,
since gs and A were not always measured under the same conditions. However, the plot appears to
follow the 2:1 line, suggesting that there is stomatal conductance does approximately acclimate in
parallel with assimilation.
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Figure 4.8 Effect of elevated [CO2] on assimilation, expressed as a ratio of the elevated [CO2] value to the ambient
[CO2] value, versus the effect on stomatal conductance. Filled symbols: conifers; open symbols: broadleaved
species. The dashed line indicates the 2:1 line.

A better test of this conclusion was made by fitting the Ball-Berry model to a series of data sets to
test how the relationship changed between ambient- and elevated-[CO2] grown plants. Parameters
from the model fits are given in Table 4.13, and the data are illustrated in Figures 9 and 10. For the
plants from northern, non-water-stressed climates (Figure 4.9), the reduced model (eqn 3) fitted the
data better than the Ball-Berry model, which includes a relative humidity term (eqn 2), while the
reverse was true for the plants from the Mediterranean macchia experiment (Figure 4.10). The
slopes of both models are quite variable among the experiments, with no clear pattern.

For the experiments where water stress was not an important factor, growth in elevated [CO2]
caused the slope of the relationship to increase by 25 – 50%, but this increase was only significant
at Flakaliden. For the Macchia experiment, the slope changed in quite different directions for
different species, but this was only significant in one case: for P. angustifolia, in which the slope
was greatly reduced. In summary, it seems fair to conclude that in general, the slope of the Ball-
Berry relationship is unlikely to be changed significantly by growth in elevated [CO2].

4.4.4 Discussion: Stomatal Conductance

4.4.4.1 Effect of elevated [CO2] on mean stomatal conductance

The meta-analysis of stomatal conductance values (Table 4.9) indicates that, overall, there was a
significant reduction of stomatal conductance in response to growth in elevated [CO2], of the order
of 22%, across this set of 23 long-term studies with woody species. It has long been known that
stomatal conductance (gs) declines when exposed to a short-term increase in atmospheric CO2
concentration (e.g. Jarvis 1976). However, several authors have recently called into question
whether the long-term effect of elevated [CO2] on stomatal conductance is the same as the short-
term effect, particularly for woody species (Curtis and Wang 1998, Pataki et al. 1998, Saxe et al.
1998, Mooney et al. 1999, Norby et al. 1999). For example, Curtis and Wang (1998) performed a
meta-analysis, similar to that done here, on stomatal conductance in 48 studies with woody plants
and found a modest and non-significant reduction of 11% in response to elevated [CO2]. We found
a stronger response, possibly because, in contrast to Curtis and Wang, we considered only long-
term field-base experiments; nevertheless, the 22% decrease that we found is still smaller than the
40% decrease commonly observed in response to a short-term doubling of [CO2] (Morison 1987).
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Figure 4.9 Fits of the reduced Ball-Berry model (eqn 3) to stomatal conductance data from ECOCRAFT experiments.
Symbols and lines as for Figure 4.6. (a) Flakaliden. (b) Glencorse. (c) Glencorse BB, C needles. (d)
Glencorse BB, C+1 needles.
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Figure 4.10 Fits of the full Ball-Berry model (eqn 2) to stomatal conductance data from the Macchia experiment.
Symbols and lines as for Figure 4.6. (a) Q. ilex. (b) P. angustifolia. (c) P. lentiscus.
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Table 4.13 Parameters of the Ball-Berry model (eqns 2 and 3). p = probability that fitted lines for ambient and elevated [CO2] treatments are coincident.

(i) y = gs, x = A/Ca (mol m-2 s-1)

Ambient Elevated Combined p CO2 effect
on slope

Equation r2 n Equation r2 n Equation r2 n
Flakaliden y = 0.005 + 3.7x 0.80 21 y = -0.024+ 5.60x 0.74 21 y = 0.017 + 3.63x 0.62 42 <0.001 1.51
Glencorse y = -0.202 + 7.94x 0.31 23 y = -0.043 + 10.01x 0.52 23 y = -0.1 + 7.95x 0.46 46 0.52 1.26
Glencorse BB
 (C needles)

y = 0.034 + 4.18x 0.30 29 y = 0.006 + 5.53x 0.74 27 y = 0.016 + 5.08x 0.74 56 0.53 1.32

Glencorse BB
(C+1 needles)

y = 0.017 + 3.46x 0.70 29 y = 0.003 + 4.18x 0.80 28 y = 0.01 + 3.78x 0.88 57 0.43 1.21

Macchia
Q. ilex y = 0.012 +  2.80x 0.36 25 y = 0.031 + 1.48x 0.10 23 y = 0.022 + 2.06x 0.20 48 0.56 0.53
P. angustifolia y = 0.031 +  4.25x 0.05 24 y = 0.048 + 0.86x 0.09 23 y = 0.023 + 3.85x 0.38 47 <0.001 0.20
P. lentiscus y = 0.033 +  4.3x 0.71 23 y = 0.035 + 4.80x 0.25 20 y = 0.037 + 4.18x 0.54 43 0.81 1.12

(ii) y = gs, x = A.RH/Ca (mol m-2 s-1)

Ambient Elevated Combined p CO2 effect
on slope

Equation r2 n Equation r2 n Equation r2 n
Flakaliden y = 0.054 + 2.93x 0.67 21 y = 0.032 + 4.56x 0.53 21 y = 0.052 + 3.21x 0.59 42 0.07 1.56
Glencorse y = 0.168 + 4.20x 0.06 22 y = 0.037 + 12.87x 0.34 23 y = 0.094 + 7.95x 0.22 45 0.29 3.07
Glencorse BB
 (C needles)

y = 0.043 + 6.44x 0.20 29 y = 0.023 + 7.62x 0.74 27 y = 0.031 + 7.29x 0.73 56 0.54 1.18

Glencorse BB
(C+1 needles)

y = 0.027 + 5.19x 0.71 29 y = 0.009 + 7.05x 0.83 28 y = 0.018 + 5.88x 0.88 57 0.15 1.36

Macchia
Q. ilex y = 0.024 + 6.23x 0.52 25 y = 0.029 + 3.28x 0.35 23 y = 0.030 + 3.68x 0.37 46 0.15 0.53
P. angustifolia y = 0.033 + 10.09x 0.66 24 y = 0.048 + 1.85x 0.22 23 y = 0.039 + 6.47x 0.36 47 <0.001 0.18
P. lentiscus y = 0.042 + 8.16x 0.73 23 y = 0.028 + 13.41x 0.50 20 y = 0.042 + 8.62x 0.63 43 0.18 1.64
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The meta-analysis also indicated significant effects of functional type and tree age on the response
of stomata to [CO2] (Table 4.9). Unfortunately these two factors were confounded so it was not
possible to determine which was the principal cause of the difference between categories. However,
differences in effects of [CO2] on stomatal conductance between different functional groups have
also been noted by Saxe et al. (1998), who found as we did, that stomatal conductance was reduced
more in deciduous than in coniferous species.

As yet, there is very little mechanistic understanding of environmental control of stomatal
conductance, and thus it is difficult to explain the observed responses of gs to growth in elevated
[CO2]. Saxe et al. (1998) suggest that plants with restricted root growth might be more likely to
have reduced gS in elevated [CO2], since enhanced leaf area in elevated [CO2] could otherwise lead
to excessive water use. This hypothesis may explain the difference between responses in pot- and
field-based studies (although it does not explain how the stomatal control is achieved).

4.4.4.2 Effect of elevated [CO2] on responses of gS to environmental factors

As growth at elevated [CO2] generally causes increases in both leaf area and water use efficiency, it
may also significantly change tree water use. It is thus of interest to examine whether stomatal
responses to drought, in particular to vapour pressure deficit and soil water potential, are modified
under elevated [CO2]. It is also possible that acclimation to growth in elevated [CO2] may modify
short-term stomatal responses to [CO2]. In order to determine whether any of these responses were
altered by growth in elevated [CO2], we fitted the relevant functions of the Jarvis stomatal model
(eqns 5-7) to stomatal conductance data from both ambient and elevated [CO2] treatments.

We found that, in general, stomatal sensitivity to VPD was unchanged by growth in elevated [CO2],
although there was a small trend towards increased sensitivity. This result is similar to that of  Will
and Teskey (1997) who report no change in VPD sensitivity in three species (Quercus rubra,
Populus deltoides x nigra, Pinus sylvestris) with a small increase in sensitivity in a fourth species
(Cercis canadensis). However, it contrasts with the results of Heath (1998) who reported decreased
stomatal sensitivity to VPD in Fagus sylvatica, Castanea sativa and Quercus rubra. Both of these
reports concerned young trees growing in 4 - 5 dm3 pots, while the data presented here concerned
both mature trees and saplings rooted in soil.

We also found that stomatal sensitivity to soil water potential was unchanged by growth in elevated
[CO2]. This result agrees with that of Centritto et al. (1999), who reported that stomatal sensitivity
to soil water content in potted cherry (Prunus avium) seedlings was unaffected by exposure to
elevated [CO2]. Thus it would appear that, although mean stomatal conductance is reduced in
elevated [CO2], with significant consequences for water use efficiency, stomatal sensitivity to
water-related parameters such as VPD and soil water content is unchanged.

On the other hand, the data indicate that stomatal sensitivity to short-term changes in [CO2] can be
affected by acclimation to elevated [CO2]. In ambient conditions, stomatal sensitivity to [CO2]
differed greatly between species, with responses ranging from zero to a 40% decrease in stomatal
conductance in response to a doubling of [CO2] from 350 to 700 µmol mol-1. Growth in elevated
[CO2] appeared to attenuate [CO2] sensitivity in those species which were [CO2] sensitive, but not
to affect those species which were not. There are as yet few data in the literature against which to
compare these conclusions. Those which do exist are for herbaceous species and appear
contradictory.  Santrucek and Sage (1996) reported decreased sensitivity to [CO2] in Chenopodium
album, while Radoglou et al. (1992) reported no change in sensitivity in bean and Tuba et al. (1994)
reported increased sensitivity in winter wheat. All three species showed strong sensitivity to [CO2]
in the ambient-grown treatment. Since stomatal responses to [CO2] have been demonstrated to
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differ between herbaceous and woody species (Saxe et al. 1998), further measurements of the [CO2]
sensitivity of stomata in trees are required to confirm the conclusions drawn here.

4.4.4.3 Effect of elevated [CO2] on the relationship between stomatal conductance and assimilation

Although the acclimation of photosynthesis to elevated [CO2] has been much studied (Gunderson
and Wullschleger 1994; Sage 1994; Besford et al. 1998; Medlyn et al. 1999), much less attention
has been paid to the acclimation of stomatal conductance. A particularly important question,
highlighted by Morison (1998), is whether stomata acclimate in parallel to photosynthesis,
maintaining the tight linkage between the two processes observed at ambient [CO2] (Wong et al.
1978), or whether they can acclimate independently.

We compared acclimation of stomatal conductance to that of photosynthesis (Figure 4.8) and found
a close coupling between the two processes, suggesting that they do indeed acclimate in parallel. A
similar conclusion may be drawn from Figures 9 and 10, which illustrate for individual experiments
how the relationship between gs and A is generally unchanged between ambient and elevated [CO2]
treatments. Drake et al. (1997) also concluded that acclimation of stomatal conductance and
photosynthesis to elevated [CO2] occurred in parallel, based on a review of Ci: Ca ratios.

4.4.4.4 Implications for modelling

To assess the implications of changes in stomatal conductance in elevated [CO2] on future forest
stand growth and water use,  it is important to be able to predict stomatal conductance (Morison
1998). Hence in this section we have focussed, not merely on the absolute size of the response of gs
to [CO2], but also on how to model gs under elevated [CO2]. To do this we fitted the two major
stomatal conductance models in use today.

To fit fully the first model, that of Jarvis (1976), requires an extensive data set including
measurements of gs under varying conditions of all variables, and the variables should not be
correlated. In the absence of such comprehensive data sets, we could only fit individual response
curves (equations 5 – 7). Furthermore, we chose to use simple linear response curves, instead of the
non-linear functions commonly used (Jarvis 1976, see Appendix to Chapter 6). This choice was
made to minimise the number of parameters fitted and enhance comparability of parameters
between data sets. Despite these drawbacks to the way we fitted the model, we can make some
general conclusions about how the model should be modified for elevated [CO2] conditions. Firstly,
in a generic model, the maximum gs (gsmax in eqn 1) could be reduced by approximately 22% in 700
µmol mol-1 [CO2], reflecting the reduction in gs found in the meta-analysis. However, it would be
better to make this reduction dependent on functional group, since it was observed that the
reduction in gs was less for conifers (10%) than for broadleaf species (25%). Secondly, the
functions which relate stomatal conductance to VPD and soil water potential (f(D), f(ψ)) do not
need to be modified. However, if short-term changes in [CO2] are important in the model, these
responses may need to be modified to reflect the reduced [CO2] sensitivity in elevated [CO2],
depending on species.

Our fits of the second model (Ball et al. 1987) indicate that the parameters of this model are, in
general, unchanged under elevated [CO2]. The same conclusion was also reached by Kellomäki and
Wang (1997) and Strassemeyer and Forstreuter (1998) for P. sylvestris and F. sylvatica,
respectively. However, this conclusion may not hold in water-limited environments, as suggested
by the strongly significant shift in the relationship observed for the macchia species P. angustifolia.
Further work needs to be done to investigate how this relationship may be affected by water stress
and its interaction with [CO2]. A second major area of uncertainty is the choice of parameter values
for this relationship. Table 4.13 illustrates that these parameters may vary strongly between species;
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further work is required to ascertain the cause of this variation and aid in the choice of appropriate
parameter values.

4.5 Respiration

4.5.1 Introduction

The effects of elevated [CO2] on photosynthesis have been reported in great detail in both the
scientific literature (see Ceulemans and Mousseau 1994, Drake et al. 1997, Curtis and Wang 1998,
for relevant reviews) and in this report (see Section 4.3), and the mechanisms by which elevated
[CO2] affects photosynthesis are relatively well understood. By contrast,  [CO2] effects on the
equally important process of plant respiration have been less well-studied, and our understanding of
the mechanisms involved is still poor.

Studies of the effects of elevated [CO2] on respiration have recently been reviewed by Ceulemans
and Mousseau (1994), Gonzàlez-Meler et al. (1996a),  Drake et al. (1997) and Curtis and Wang
(1998).  These reviews indicate that there is a general reduction in dark respiration rate in plants
grown in elevated [CO2], although they also report a great deal of variability in the response.
Mechanisms hypothesised for this reduction include both direct and indirect effects of elevated
[CO2] (Amthor 1991). It has been demonstrated that there is a direct short-term, reversible effect of
[CO2] on dark respiration (Gonzàlez-Meler et al. 1996b), which is related to the inhibition of
respiratory enzymes; however it has been suggested that this effect will be minimal when scaling to
the whole-tree level (Gonzàlez-Meler and Siedow 1999). On the other hand, the indirect effects of
growth in elevated [CO2] which may affect respiration rates – if expressed on a mass basis - include
changes in tissue nitrogen content, mass per unit area, and tissue starch content (e.g. see Table 4.4).
The units with which respiration rates are expressed are thus highly relevant. For example, some of
the conflicting results from elevated [CO2] experiments may be experimental artefacts, resulting
from restricted rooting volumes leading to nitrogen deficiencies and thus to lower metabolic activity
and rate of respiration (Ceulemans and Mousseau 1994). A more robust analysis would therefore be
on an area or nitrogen basis (Ryan 1991). Indeed, many models (e.g. Friend et al. 1997) use
nitrogen content as a surrogate for the rate of maintenance respiration.

In general, respiration rates are modelled as follows (see also the Appendix to Chapter 6). For each
tissue type, the maintenance respiration rate at a reference temperature, R(Tref) is varied with
temperature according to an exponential relationship (often referred to as Q10):

R(T) = R(Tref) exp(k (T- Tref)) (8)

where k is the exponential coefficient of temperature (equivalent to (log Q10)/10) and the respiration
rates may be expressed on tissue mass, surface area, volume, or nitrogen bases. In addition to the
maintenance respiration described above, growth respiration must also be estimated in models of
carbon balance. Growth respiration is generally modelled by a conversion efficiency (γ; g g-1), and
maintenance respiration added to this. Parameterisation of respiration therefore presents problems
since total respiration is generally measured (unless measurements are made on foliage, or root/stem
tissue in autumn or winter), rather than maintenance and growth respiration being measured
separately. In addition, the few studies that have analysed seasonal changes in maintenance
respiration have shown that neither the base rate nor the exponential temperature coefficient are
constant with time (Stockfors, 1997). To some extent this may reflect differences in the availability
of carbohydrate for metabolic activity, and also changes in structure and developmental stage of the
tissue. Indeed, if these seasonal changes are related to substrate availability, it might be expected
that exposure to enhanced CO2 concentrations would result in higher respiration rates.
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In this section we examine, using the simple respiration model above, respiration data from eight
research groups and eleven individual experiments.  More details of results pertaining to respiration
processes are given elsewhere (Chapters 2, 9 and 10), including variation with canopy position and
time of year. Those data are essential for accurate model calibration, but will not be discussed in
this section. Only the direct effects of elevated CO2 will be discussed here, together with the
implications for both long- and short-term carbon balance, which will be discussed in greater detail
in Chapters 6, 7 and 8.

4.5.2 Methods: Respiration

Details of the individual experimental facilities are given in Chapters 9 and 10.  For the
determination of respiration rates, a variety of techniques were used which are described below.
This variation in methodology between experiments may result in some discrepancy in the absolute
values of parameters. However, it should be stressed that the intention of this section is to conclude
whether exposure to elevated concentrations of carbon dioxide in the long-term leads to a change in
tissue respiration rates, and if so, to quantify and set confidence limits for the magnitude of this
effect. Absolute values are thus of less importance than the comparison between ambient and
elevated CO2 treatments.

4.5.2.1 Flakaliden

Foliage respiration was measured as oxygen uptake with a Hansatech Clarke type oxygen electrode
(Stockfors and Linder, 1998). Measurements were made at 20 oC (and at 10 oC in the case of the
temperature dependency of respiration), on four occasions during the course of the growing season
for the nutrient experiment and during September 1994 and 1995 in the branch bag experiment.
Measurements were made on detached needles from a third whorl branch. Stem respiration was
measured with a Licor 6400 portable gas exchange analysis system at ambient temperature.

4.5.2.2 Headley Mixed and Headley Oak

Tissue samples were obtained for each organ type as follows. For branches, 100-200 mg (fresh
weight) samples were removed from current year growth of a non-dominant branch. Root samples
were removed with a 2.5 cm diameter corer, washed in tap water, blotted dry, and live roots
(identified by white root tips) with a diameter of less than 2 mm selected. Leaf tissue was sampled
from a fully expanded leaf growing in full sunlight using a 5 cm diameter cutter. The tissue sample
was placed in an aluminium cuvette and incubated at the measurement temperature for 30 to 40
minutes in the case of root, 20 - 30 minutes for stem, and five minutes for leaf tissue. The cuvette
was then introduced into an air-stream of compressed ambient air (constant CO2 concentration of
approximately 370 µmol mol-1, flow of 200 cm3 min-1) for five minutes. The cuvette was then
sealed using stainless steel three way solenoid valves. After a known period of time (2-10 minutes
depending on temperature, time of year and tissue type) the accumulated CO2 was flushed through
an IRGA with analogue output using compressed air at a flow rate of 200 cm3 min-1 (ADC 225
Mark III; ADC Ltd., Hoddesdon, Herts, UK) and the output measured with a conventional chart
recorder. Accumulated CO2 was determined as the area under the curve of the CO2 pulse measured
by the IRGA (Crookshanks et al., 1998).

4.5.2.3 Glencorse OTC

Foliage respiration rates were measured three times during the course of the growing season
between 1400 and 1600 using a Licor 6400 photosynthesis system at ambient temperature. A
branch from each tree was kept in the dark for two hours prior to analysis, and five leaves per
branch placed into the cuvette. Measurements were made after one minute, and the process repeated
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two further times (Rey, 1997). Foliage respiration rates in the branch bag experiment were made
using the same apparatus. The branch bag was kept in the dark for one hour prior to analysis using a
thick black cloth. All measurements were made at 350 µmol mol-1 CO2 since leaks were evident at
large CO2 concentration gradients, at ambient temperature. Data are presented for both daytime
(1200 to 1700 h) and night-time (0000 to 0500 h) respiration.

4.5.2.4 Bily Kriz

Stem respiration measurements were made with a Licor 6250 photosynthesis system. Bark
temperature was measured with a thermo-couple and results corrected to 15 oC assuming a Q10 of
2.0. Results are expressed on a sapwood volume basis.

4.5.2.5 Mekrijärvi OTC

Foliage respiration was measured every six days from 12/6/96 to 2/8/96 on one shoot from each tree
using an open path gas exchange analysis system under ambient conditions (Kellomaki and Wang,
1997).

4.5.2.6 UIA Pine

The effect of elevated [CO2] on root respiration was determined on 10 October 1996.
Approximately 1 g of root tissue was removed from the ground using a corer. The roots were
washed and excess water removed. Root temperature was allowed to equilibrate to 16 oC in a
temperature controlled room for 20 minutes. The root tissue was then placed in a gas exchange
cuvette, and measurements made after fifteen minutes using an open path gas exchange analysis
system (CIRAS-1; PP-systems, Stotfold, Herts, UK) (Janssens et al.,1998). Foliage respiration was
measured during the night (0000 to 0400 h) in July 1997 using an open path gas exchange analysis
system (Ciras-1). Four needles per tree were placed in a 6.2 cm2 broadleaf cuvette. Four replicates
of each of two needle age classes (current and previous) and two CO2 treatments were measured.

4.5.2.7 UIA Poplar

Foliar respiration in poplar was measured on two occasions in late summer 1993. Leaves were
excised, transferred to the laboratory in darkness (minimum of thirty minutes) and respiration rates
determined using an LCA3 photosynthesis system and PLC3(N) leaf cuvette. Four age classes of
leaves were measured (immature, expanding, mature and senescing) on each of two clones (Robusta
and Beaupre) (Ceulemans et al., (1995).

4.5.2.8 Orsay

Wood respiration rates were determined on a chamber basis by measuring the CO2 concentration of
the air-stream before and after the chamber with an IRGA (LCA2; ADC Ltd., Hoddeston, Herts,
UK) during the winter.

4.5.2.9 Berlin 1

Foliage respiration was measured during July 1992 and August and September 1993 using a Walz
mini-cuvette system (CMS 400) at 20 oC, maintaining the leaves in the dark for 30 minutes prior to
analysis (Forstreuter, 1995).
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Table 4.14 The effect of increased carbon dioxide concentration on respiration parameters of all ECOCRAFT experiments.  Values are expressed as the ratio of the parameter at elevated CO2
concentration to that at ambient (see Chapter 9 for treatment details).  For each tissue type, total or maintenance respiration is denoted by the last letter (T – total, M – maintenance);
basis of parameter expression is denoted by the first letter (N – nitrogen, A – area, M – Mass, V – volume).  * indicates results used in the meta-analysis (Table 4.15).

LEAF ROOT STEM BRANCH
Experiment Species NRM ARM MRM NRT MRT NRM MRM VRM VRT NRT MRT MRM ART MRT ARM MRM

Bily Kriz Picea abies 0.95 0.89
Flakaliden Picea abies (C) 1.20 1.13* 1.09*

Picea abies (IL) 1.17 1.19* 1.06*
Glencorse OTC Betula pendula 0.89 0.78 0.75
Glencorse BB Picea sitchensis 0.87 0.83
Headley mixed Quercus petraea 1.11 0.94 0.87 0.90 0.98 1.03

Fraxinus
excelsior

0.86 0.97 0.95

Pinus sylvestris 0.97 1.00 0.93 0.89 1.12
Headley Oaks Quercus petraea 0.80 0.91* 0.73* 1.00 1.14 1.15 0.97 0.96 0.81 1.81 1.31

Quercus robur 1.18 1.08 0.79 0.74 1.11 0.77
Quercus rubra 1.09 1.22* 1.10* 1.23 1.16 0.87 0.97 1.41 1.32 1.00 1.18

Mekrijärvie
OTC

Pinus sylvestris 1.07 0.74* 1.10*

Orsay Fagus silvatica 0.38 0.57
Berlin 1 Fagus silvatica 1.03* 1.09* 2.00 1.43
UIA Pine Pinus sylvestris 0.73 0.93* 0.73 1.46
UIA Poplar Populus

‘Beaupré’
0.27*

Populus
‘Robusta’

1.00*

Vielsalm Picea abies 0.80
Vielsalm Fert Picea abies (I) 1.80

Picea abies (IL) 1.04
Mean 0.98 0.96 0.93 1.11 1.08 1.01 0.97 0.95 0.89 2.00 0.91 0.57 1.05 1.00 1.31 1.09
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4.5.3 Results: Respiration

4.5.3.1 Leaf respiration

The majority of respiration analysis was carried on leaf tissue, with results as a function of area,
mass and nitrogen content. These data are summarised in Table 4.14, with the majority representing
maintenance respiration, assuming that the contribution of growth respiration is zero after leaf
expansion is complete. A meta-analysis of the leaf respiration data is presented in Table 4.15.

Table 4.15 Meta-analysis results for the effects of elevated CO2 concentration on leaf respiration when expressed as a
function of a) mass, and b) projected area. Only those experiments marked with an asterisk in Table 4.14
are included.

Leaf respiration as a function of area
Mean E/A 0.914
95% confidence limits 0.69 1.20
Number of studies 9

Leaf respiration as a function of mass
Mean E/A 1.01
95% confidence limits 0.89 1.15
Number of studies 6

Although no significant effect of elevated CO2 is evident when the data set is treated as a whole
(Table 4.15), whether expressed on an area or mass basis, there were convincing and significant
effects in individual studies. In the Flakaliden branch bag experiment, measurements made in
different years (1994 and 1995) and for both fertiliser treatments showed a similar increase in
response to elevated CO2 (~+20%) whether expressed as a function of area, mass or nitrogen
content. The opposite response was observed for birch at Glencorse, with a consistent (~20%)
reduction evident for measurements made at three temperatures. The decrease was larger for area-
and mass-based measurements compared to nitrogen-based measurements (26% vs 13%) possibly
indicating some nitrogen dilution. A consistent reduction was also observed for Sitka spruce on
three measurement dates in the Glencorse branch bag experiment, although the magnitude of the
reduction was less than that for birch. In Headley Mixed and Headley Oaks, elevated [CO2] led to
reduced foliar respiration (expressed as area, mass or nitrogen), although measurements made in
July showed no effect. No effect of  CO2 was observed on Scots pine in Headley II, whilst  the
response of red oak in Headley III was opposite to that of sessile oak. Scots pine at Mekrijärvi
indicated some change in leaf structure between CO2 treatments, since respiration rate expressed per
unit area was reduced in the elevated CO2 treatment, although it increased when expressed as a
function of mass or nitrogen content. This suggests a change in leaf morphology in response to the
elevated CO2 treatment, presumably, an increase in specific leaf area (SLA). Although specific leaf
area data are not available for the Mekrijärvi OTC experiment, it does, however, seem unlikely that
SLA had increased, since a small reduction was observed in the branch bag experiment, and at both
Flakaliden (Norway spruce) and Glencorse BB (Sitka spruce) in response to elevated CO2. Growth
and maintenance respiration coefficients were also determined at Mekrijärvi by measuring growth
and respiration rates during the time of leaf expansion. This analysis suggested an increase in
growth respiration in response to elevated CO2 (1.45 vs 1.64 g CO2 g-1 dry mass), and a reduction in
the maintenance respiration coefficient (34.9 vs 26.2 g kg-1 dry mass day –1). There were conflicting
results  for beech in the TUB I experiment, with the direction of any response varying with both
time and whether results were expressed on an area or mass basis. The temperature response of
respiration for the two CO2 treatments were indistinguishable. Scots pine in the UIA pine
experiment also showed a consistent reduction in respiration in response to CO2 for two age classes
of needles. The large CO2-induced reduction of area based respiration observed in Populus
‘Beaupre’ (UIA poplar II) is anomalous to the rest of the data set. Most of the measurements were
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made on expanding leaves (apart from those defined as ‘maintenance’ respiration on the oldest
leaves). In all cases, very high foliar nitrogen concentrations and respiration rates were observed
([N] =~6%; R25 = up to 10 µmol m-2 s-1). One possible explanation for the large variation in the
effect of elevated CO2 on respiration is that this difference in reality, represents different rates of
development, and therefore that a varying contribution from growth respiration, although the leaves
appeared to be fully expanded.

Figure 4.11. The response of leaf dark respiration of Norway spruce to CO2 concentration in the open top chambers at
Vielsalm. Results are compared for measurements made under controlled conditions in 1993, and for
irrigated and optimal nutrition treatments in 1996. Rd was derived from analysis of A/CI responses.

The results from Vielsalm shown in Figure 4.11 were derived from an analysis of the A/CI response
using the standard ‘Ecocraft’ representation of the model of Farquhar and von Caemmerer (1982).
As such, they were not measured directly, and should not be included in the analysis. However, this
study did utilise four concentrations of carbon dioxide, and three irrigation/fertiliser treatments, and
the large variation in results thus indicate that 1) the response to elevated CO2 concentrations may
not be linear, and 2)  the potentially large interacting effects of nutrients and irrigation.

4.5.3.2 Root respiration

Root respiration measurements were limited to only two groups and three experiments. In these
analyses, maintenance respiration is taken as winter (dormant) measurements, and summer
respiration as a combination of maintenance and growth respiration. In both Headley Mixed and
Headley Oaks, the elevated to ambient CO2 ratio (E/A) was close to unity for maintenance
respiration, whilst a consistent (~15%) increase at high CO2 was observed for total respiration. The
same response of total respiration was also observed for Scots pine in the UIA Pine experiment. The
difference between the response observed between summer and winter measurements may be a
result of the higher substrate availability in summer resulting from photosynthetic activity.

Although soil CO2 efflux measurements in the Macchia OTC experiment do not directly reflect root
respiration, they do indicate how below ground respiration may be affected by high CO2. Here, a
considerable increase was observed in both the temperature response of respiration (Q10 = 1.55 vs
1.95) and the rate at 15 oC (10.9 vs 13.0 µmol m-2 s-1), although it must be borne in mind that the
latter result largely reflects increases in biomass, rather than a change in physiological function.
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4.5.3.3 Wood (Branch and stem) respiration

No consistent responses to elevated [CO2] were observed for branch respiration in the Headley
Mixed and Headley Oaks experiments. Two factors may have occluded any significant effect: (a)
CO2 efflux from the cut end of the tissue may have increased variability, although respiration rates
of branch tissue did not deviate significantly from the mass based respiration/nitrogen concentration
relationship shown in Chapter 9.7; (b) Although all woody tissue was less than two years old, there
may have been some variation in the proportion of functional tissue. In contrast, the beech saplings
in the TUB I experiment had significantly higher respiration rates (when expressed as a function of
both mass and nitrogen content), although no effect on the temperature response of respiration was
evident (see below).

The trees in the Bily Kriz open top chambers were older than those in the other experiments where
wood respiration was measured, and suggested a small reduction in respiration as a function of
sapwood volume at high CO2. A larger reduction in stem respiration was observed on the beech
saplings in the Orsay experiment, which contradicts the results from the similarly aged trees in the
TUB I experiment.

4.5.3.4 Temperature response of respiration

Values of Q10, the parameter describing the temperature response of respiration (eqn 8), are given in
Table 4.16. For the Berlin experiment on beech, the temperature response of respiration was
directly measured, while for the measurements at Glencorse on birch, respiration measurements
made at ambient temperatures throughout the season (20, 22 and 26 oC) were combined to obtain
the Q10. At both Orsay and Bily Kriz, determinations of the temperature response of stem
respiration were made throughout the year but we show here only that obtained in spring before
stem growth had commenced. In all cases there appeared to be no significant effect of elevated
[CO2] on the temperature response curve.

However, seasonal changes in the temperature functions of stem and root respiration were observed
in both treatments at Bily Kriz and in the control trees at both Flakaliden and Headley III (see
Chapter 9). Any developmental changes resulting from CO2 enrichment could therefore have an
apparent or real effect on the temperature response of respiration.

Table 4.16 Values of Q10 (Eqn 8) in ambient and elevated [CO2] grown plants.

Experiment Tissue Type Time Ambient Elevated
Berlin 1 Leaf July 2.08 2.08
Glencorse OTC Leaf Jun – Sep 2.50 2.92
Orsay Stem March 2.18 2.29
Bily Kriz Stem May 1.65 1.68

4.5.4 Discussion: Respiration

The meta-analysis of the data shown in Table 4.15 indicates no effect of atmospheric CO2
concentration on leaf (area or weight based) parameters, and indeed, when all available respiration
data (including root and sapwood tissue) are regressed on nitrogen content (Figure 4.12) a single
relationship is observed (see Ryan, 1991), which is unaffected by CO2 treatment. An analysis based
on nitrogen content therefore avoids the inclusion of any nitrogen dilution effects rather than  direct
effects of CO2 on enzyme processes.
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Figure 4.12 Relationship between respiration rate, expressed on a mass basis, and nitrogen content for leaf, root and
sapwood tissue. Open and filled circles represent ambient and elevated CO2 treatments respectively.
Measurements were made at varying temperatures and all corrected to 20oC, assuming a Q10 of 2.0. x and +
represent Scots pine (two age classes of foliage) grown in the UIA pine experiment which were excluded
from the regressions (see text); y=501x-1.9, r2=0.78 for the combined data-set.

Much of the scatter in Figure 4.12 may result from a variable contribution from growth respiration,
which is highlighted by the four out-lying points, which represent analyses made on Scots pine in
the UIA pine experiment. In this case, although measurements were made in mid-July, a high value
of specific leaf area indicated that the leaves were not fully expanded, and thus that the high
respiration rate included a contribution from growth respiration. The nitrogen concentration of the
foliage (0.7-0.9%) was also extremely low for adequately fertilised Scots pine (~1.4%; Binns et al.,
1980), indicating incomplete leaf development. The same contribution from growth respiration may
also influence other results within both this, and other data-sets. The variety of techniques used for
measuring respiration in this project are also likely to have led to some scatter in the results.

Although the meta-analysis has indicated no effect of enhanced CO2 concentration on respiration,
there were insufficient data to test the hypothesis for sapwood or root respiration, and it certainly
does not preclude the possibility of a significant effect on respiration for some species and under
some circumstances – in this project, there was certainly a consistent enhancement of foliage
respiration in the Flakaliden branch bag experiment. The lack of a CO2 response is in line with the
conclusion of Ceulemans and Mousseau (1994) that there appears to be no direct effect of CO2 on
respiration, but at odds with the observation of Curtis and Wang (1998), that across 16 studies there
was a mean 18% reduction in respiration rates. However, the same analysis indicated a parallel 16%
reduction in nitrogen content.

In conclusion, this set of analyses has indicated no effect of elevated CO2 on respiration processes
in a range of 11 experiments that did not introduce experimental artefacts through reduced rooting
volumes, since in all cases, the trees were planted directly in the ground. However, technical and
practical difficulties associated with making these measurements may have occluded any effects
that were present. The results from this project therefore suggest that modelling activities can
continue to base future respiratory carbon fluxes solely on tissue nitrogen concentrations (and
temperature), and a direct effect of the predicted rise in atmospheric CO2 concentration should not
be inferred.
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4.6 Conclusions

4.6.1 Meta-analysis

Meta-analysis provides a very useful methodology for quantifying the effects of elevated [CO2] on
woody plant growth. The chief advantage of meta-analysis is that it provides a rigorous quantitative
summary of large sets of data. A second advantage is the increased statistical power obtained by
pooling a number of datasets, enabling small trends, such as the 10% decrease in leaf nitrogen
concentration (Section 4.3), to be  rendered significant. 

Meta-analysis techniques were particularly appropriate for this study, for which an unbiased set of
comparable parameter values was available. Clear definitions of the parameters required, and
methods for their derivation, were supplied to all project Partners. The parameter values are
therefore directly comparable, avoiding one problem faced by meta-analysis based on published
literature, that parameters may be derived in quite different ways by different authors. A second
criticism of meta-analysis based on published literature is that known as the ‘desk-drawer’ problem
(Cooper and Hedges 1994), i.e. the outcome of a meta-analysis may be biased because of the
tendency to publish only significant results, and to consign non-significant results to the desk
drawer. This bias is also not present in the current study because all available data from
ECOCRAFT experiments with plants rooted in the ground were transmitted to the database.

4.6.2 Effects of elevated [CO2] on physiological processes

The use of meta-analysis enabled us to identify a number of significant trends in response to growth
at elevated [CO2]. For all processes, a wide variety of responses were observed, showing that the
effects of elevated [CO2] on plant functioning may vary widely according to circumstance.
However, the following responses were observed consistently and are thus most likely to occur in
response to elevated [CO2]. First, a small down-regulation of photosynthesis was observed, and this
could be attributed to a change in leaf biochemistry. A reduction in stomatal conductance was also
observed, which was greater in deciduous than coniferous species. Leaf nitrogen concentration was
reduced, as was specific leaf area; leaf nitrogen per unit surface area was, however, unchanged.
Finally, there was no consistent effect of elevated [CO2] on respiration rate.

4.6.3 Implications for modelling

We analysed all the available physiological data in terms of the models used to scale leaf
physiology to the canopy, with the aim of identifying whether the models we currently use are
adequate to model the effects of elevated [CO2]. In general, we found that the models did accurately
represent the experimental results, with few changes to model parameters or structure required (see
Sections 4.3.4.4 and 4.4.4.4). Several challenges remain for modellers, however. First, there is
considerable variation in model parameter values within and among species (Tables 4.5, 4.6, 4.13,
4.14). Finding appropriate parameter values is therefore not a trivial task. The database presented in
Chapter 3 of this report thus provides a valuable resource. Secondly, in this section we have only
considered the physiological processes of photosynthesis, stomatal conductance and respiration.
Much effort still needs to be directed towards the scaling up from these physiological processes to
actual forest growth (see Chapters 7 and 8).
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CHAPTER 5
CARBON UPTAKE AND ALLOCATION

Eric Laitat, Reinhart Ceulemans, Belinda Medlyn, Frédéric LeFevre, Manfred
Forstreuter, Ewa Jach, Ana Rey, Joern Strassemeyer, and Paul Jarvis

5.1 Introduction

As has been evidenced by the results of the meta-analysis presented in Chapter 4 and in Medlyn et
al. (2000) net photosynthesis of the tree species examined is significantly stimulated overall by
elevated atmospheric CO2 concentrations. Differences in the magnitude of this stimulation among
tree species were observed, but overall there is an increase of the photosynthetic CO2 uptake on a
foliage area basis, and within a certain period of time. This stimulation can lead to an increased
carbon uptake on a plant or tree basis, as shown by the Berlin and Orsay mini-ecosystem
experiments in which whole-system [CO2] exchange was measured (see Chapters 6 and 9). Thus, it
might be expected that elevated [CO2] would lead to increased growth and biomass production.
However, when leaf level photosynthesis is increased under elevated [CO2], this does not
necessarily lead to increased plant growth (Karnosky et al., 1998; Norby et al., 1999). Various
feedback processes, changes in allocation patterns, structural interactions, etc. might counterbalance
or neutralise the expected stimulation. To know whether and how plant or tree growth and biomass
production are affected by elevated [CO2], a detailed study of the carbon uptake and allocation of
carbon in the tree has to be made (e.g Wang et al., 1998). The present chapter reports on the results
of biomass measurements of the various tree species and on the carbon balance of these trees. Both
measurements and a comprehensive modelling approach have been used. The modelling approach
aims to integrate our knowledge and understanding of the effects of elevated [CO2] on the various
tree compartments and to close the carbon balance at an individual tree level. Because this approach
requires destructive harvest and determination of all individual plant compartments, not all
experiments were able to supply all the data needed for the model application.

5.2 Meta-analysis of Biomass Data

5.2.1 Introduction

In this first part of the chapter, we use meta-analysis to investigate the overall response of biomass
to a doubling of [CO2]. A number of other reviews have compiled responses of tree biomass to
elevated [CO2], and generally estimate a mean response of the order of 30 – 40% (see, for example,
Eamus and Jarvis 1989; Ceulemans and Mousseau 1994; Wullschleger et al. 1997; Curtis and Wang
1998; Lee et al. 1998). However, all these reviews included short-term and pot experiments as well
as longer-term, field-based studies. Longer-term field-based studies are thought to be better
indicators of likely forest responses to elevated [CO2] as they experience more natural interactions
with the environment. Therefore, we set out to investigate the mean biomass response in a set of
experiments in which trees were grown directly in the ground for a period of at least two years.

Previous reviews have indicated that the [CO2] effect on biomass may be different according to
functional group (Ceulemans and Mousseau 1994) or the stress experienced by the plants (Curtis
and Wang 1998). Thus we also used meta-analysis to investigate whether these contrasts were also
present in our data sets.



88

Table 5.1: Summary of data used in biomass meta-analysis. Mean E/A = the mean response to an increase in [CO2] from 350 to 700 ppm; Variance is the variance of the mean
response, calculated according to Curtis and Wang 1998.

Total biomass Above-ground biomass Below-ground biomass Leaf Area
Experiment Name Species Notes Mean E/A Variance Mean E/A Variance Mean E/A Variance Mean E/A Variance
Conifers
Glendevon Pinus sylvestris unfertilised 1.81 0.073 1.83 0.077 1.69 0.060 1.85 0.107
Glendevon Pinus sylvestris fertilised 1.59 0.059 1.52 0.066 2.00 0.031 1.16 0.129
Glendevon Picea sitchensis unfertilised 1.32 0.025 1.22 0.024 1.72 0.027
Glendevon Picea sitchensis fertilised 2.19 0.082 2.16 0.084 2.33 0.077
Headley II Pinus sylvestris droughted 1.52 0.006 1.50 0.006 1.61 0.013
Headley II Pinus sylvestris watered 1.56 0.005 1.53 0.002 1.67 0.028
UIA Pine Pinus sylvestris 1.55 0.010 1.42 0.167 2.52 0.014 1.22 0.005
Vielsalm OTC 1 Picea abies light limited 1.05 0.100 1.07 0.050 1.24 0.150
Vielsalm OTC 2 Picea abies unfertilised 0.92 0.078
Vielsalm OTC 2 Picea abies fertilised 1.08 0.030

Deciduous
Glencorse Betula pendula 1.47 0.005 1.46 0.004 1.55 0.019 1.43 0.038
Glendevon Alnus glutinosa unfertilised 1.52 0.049 1.60 0.043 1.37 0.063 1.84 0.129
Glendevon Alnus glutinosa fertilised 1.02 0.020 0.89 0.019 1.32 0.024 0.92 0.083
Glendevon Betula pendula unfertilised 1.04 0.194 1.06 0.188 1.01 0.204
Glendevon Betula pendula fertilised 1.07 0.112 0.98 0.123 1.34 0.084
Headley II Quercus petraea droughted 1.22 0.054 1.38 0.054 1.07 0.053 1.63 0.144
Headley II Quercus petraea watered 1.05 0.025 1.03 0.021 1.11 0.034 0.85 0.001
Headley III Quercus petraea/robur 2.27 0.016 2.621 0.018 2.15 0.011 1.98 0.013
Headley III Quercus rubra 1.76 0.027 1.931 0.034 1.58 0.020
Orsay Beech Fagus sylvatica 2.06 0.100 2.40 0.050 1.56 0.100 1.24 0.150
TUB Fagus I Fagus sylvatica 1.75 0.100 1.93 0.050 1.55 0.100 1.63 0.150
UIA Poplar 2 Populus 'Beaupre' 1.68 0.050
UIA Poplar 2 Populus 'Robusta' 1.62 0.050
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5.2.2 Methods

Experimental data were obtained from nine separate experiments, details of which may be found
elsewhere in this report. All experiments were performed on plants directly rooted in the ground. Plants
were grown from seed for at least two years in elevated [CO2]. The data obtained are summarised in
Table 5.1. Meta-analysis was carried out following Curtis and Wang (1998), as described in detail in
Chapter 4. As discussed there, data for different species or treatments were treated as independent,
allowing us to obtain approximately 20 separate data points.

5.2.3 Results and Discussion

A summary of the meta-analysis is given in Table 5.2. Overall, all measures of biomass increment
considered (total, above-ground and below-ground) showed a significant increase with elevated [CO2]
of approximately 50%. This result indicates that the strong [CO2]- stimulation of growth observed in
short-term and pot-based studies is not reduced when plants are are grown for longer periods in more
natural situations. There was no difference between the overall responses of above-ground and below-
ground biomass, suggesting that in this set of studies, partitioning between above- and below-ground
components was not affected by growth in elevated [CO2]. Leaf area also increased significantly in
elevated [CO2], although by slightly less than the biomass. This response is consistent with the overall
reduction in specific leaf area reported in Chapter 4.

Table 5.2: Summary of meta-analysis of biomass data. n = no of studies.

Mean Response 95% C.I. n
Total biomass 1.54 1.37 - 1.73 19
Above-ground biomass 1.51 1.34 - 1.69 21
Below-ground biomass 1.56 1.38 - 1.77 20
Leaf area 1.34 1.05 - 1.72 12

The results of the meta-analysis by category are shown in Table 5.3. Experiments were categorised
according to functional group of plants (coniferous or deciduous) and whether or not the plants
experienced stress (including limited nutrient availability, drought, and low light conditions). There
was no difference between functional groups, as was also found by Curtis and Wang (1998). There was
also no significant difference between the stressed and unstressed groups of experiments, although
there was a trend for biomass responses to be higher in the unstressed plants, also in agreement with
Curtis and Wang (1998).

Table 5.3: Meta-analysis of biomass data by category. p = probability that responses were different between categories.

(a) Above-ground biomass

Mean Response 95% CI n p
Deciduous 1.61 1.37 – 1.85 13
Coniferous 1.51 1.21 – 1.82 8 0.63
Unstressed 1.66 1.44 – 1.88 14
Stressed 1.39 1.07 – 1.71 7 0.18
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(b) Below-ground biomass

Mean Response 95% CI n p
Deciduous 1.45 1.16 – 1.73 11
Coniferous 1.74 1.43 – 2.04 9 0.17
Unstressed 1.68 1.43 – 1.93 13
Stressed 1.38 1.02 – 1.74 7 0.18

(c) Total biomass

Total biomass Mean Response 95% CI n p
Deciduous 1.50 1.29 – 1.71 11
Coniferous 1.56 1.32 – 1.79 8 0.70
Unstressed 1.59 1.40 – 1.78 12
Stressed 1.39 1.13 – 1.66 7 0.23

5.3 Modelling of Carbon Balance and Allocation

5.3.1 Introduction

In the previous section it was shown that mean biomass was increased, on average, by approximately
50% by growth in elevated [CO2]. However, Table 5.1 illustrates that there is considerable variability
in this response, with biomass increases ranging from 10 to 110%. What is behind this variability? Is it
simply variation about a mean, or are there identifiable causes for it? For example, a whole range of
processes combine to determine the final biomass in an experiment, including photosynthesis,
respiration, and carbon allocation. Can we understand the variability in [CO2] effects on biomass in
terms of one, or several of these process?  And what implications are there for modelling of forest stand
growth under elevated [CO2]?

To address these questions we examined the contribution of the component processes to growth by
calculating detail annual carbon budgets for four of the ECOCRAFT experiments: the Glencorse OTC,
Berlin mini-ecosystem, Vielsalm OTC (fertilised and unfertilised treatments) and UIA Pine
experiments. The [CO2] effect on final above-ground biomass ranged widely in these experiments,
from a 75% increase in the Berlin mini-ecosystems to no increase in the Vielsalm unfertilised treatment
(Table 5.1). Growth conditions also differed considerably between the experiments. At Glencorse,
individual birch trees were grown for four years in six open-top chambers (Rey, 1997; Wang, et al.
1998). In the three-year Berlin mini-ecosystem experiment, beech canopies were artificially created by
planting beech seedlings at relatively high density (25 seedlings per chamber of 0.64 m2 basal area)
(Forstreuter, 1995). At Vielsalm, a split-plot design was utilised within the OTCs, with half of each
OTC (7 trees) receiving irrigation and liquid fertilisation and the other half receiving irrigation only,
during a period of three years (Laitat et al. 2000). Finally, in the UIA Pine experiment, 11 Scots pine
seedlings were planted per OTC, reaching canopy closure towards the end of the three-year experiment
(Jach and Ceulemans 2000). These experiments are described more fully elsewhere in this report (see
Chapter 9).

For each experiment, an annual carbon balance for the final year of the experiment was constructed
using the methodology of Wang et al. 1998, which is briefly as follows. The carbon inflow is gross
photosynthesis, which was estimated using the MAESTRA canopy model, parameterised using
physiological measurements made in each experiment (Wang and Jarvis, 1990; see also Appendix to
Chapter 6). This carbon may then be allocated to growth of foliage, stems and branches, or roots, lost
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as growth or maintenance respiration, or exuded via the root system. Each of these flows was estimated
where possible. Harvest measurements were used to estimate final biomass, and also used to develop
allometric equations which could be used to estimate initial biomass from height and diameter
measurements. The annual biomass increment could then be calculated. Growth respiration was
estimated by applying a construction cost to the biomass increment, and maintenance respiration was
estimated from standing biomass. Unmeasured flows, such as root exudation, were estimated by
difference.

We investigated the factors contributing to the [CO2] effects on growth in each experiment as follows.
Firstly, by using the model MAESTRA to estimate canopy C uptake, we could conduct a sensitivity
analysis to examine the relative size of the direct and indirect (via changes in physiology or leaf area)
effects of elevated [CO2] on canopy C gain. Secondly, the full C budget allowed us to examine in detail
patterns of C allocation under ambient and elevated [CO2] and to determine how the [CO2] effect on
allocation differed between experiments.

5.3.2 Methods

Canopy carbon uptake

For each experiment, canopy carbon uptake was estimated using the MAESTRA model, a detailed
model of canopy radiation absorption and photosynthesis. The model is described fully in the Appendix
to Chapter 6. The MAESTRA model was chosen for this task because it explicitly represents individual
tree crowns rather than assuming a homogeneous canopy, an important factor when simulating plants
grown in open-top chamber experiments.

The major inputs required for the model are crown positions and dimensions; leaf area and density
distribution; meteorological data including PAR and temperature; and leaf physiological parameters.

Crowns were assumed to be evenly spaced within the experimental chambers. In all experiments
regular measurements were made of tree height and stem diameter allowing crown dimensions to be
determined. Leaf area was determined either from litterfall (Glencorse), the number and dimension of
leaves (Berlin, UIA), or  LAI2000 measurements (Vielsalm). Where such measurements were only
made once per year, phenology was estimated using a phenological model (Wang et al., 1998). Leaf
area density distributions were estimated from harvest data.

Meteorological measurements were either made within in the chambers (Berlin) or nearby (Glencorse,
Vielsalm, UIA). In the latter case corrections were applied to account for diminution of radiation
passing through the chamber walls (15% reduction) and elevated temperatures within the chamber
(+1.5 °C).

Extensive leaf physiological measurements were made in each experiment and used to parameterise the
model. Details of these measurements may be found elsewhere in this report (see Chapter 4). Key
model parameters are listed in Table 5.4.

The model was tested against whole-system gas-exchange measurements made in the ambient and
elevated [CO2] treatments in the Berlin experiment (see Chapter 6). This test showed that the model
was able accurately to simulate the effects of elevated [CO2] on canopy CO2 exchange.
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Table 5.4  Key model parameters. Where a range of values is used, the values are given for current-year or topmost foliage
in mid-summer. The parameters were obtained from the ECOCRAFT database (see Chapter 3).

Param. Units Glencorse Berlin Vielsalm
Fertilised

Vielsalm
Unfertilised

UIA Pine

A E A E A E A E A E
Photosynthesis
Jmax µmol m-2 s-1 131 123 71.7 86 119 91.2 131.3 114.4 130 60
Vcmax µmolm-2s-1 57 55 46.1 50.2 47 41.2 54.7 53.2 56 35
Eaj J mol-1 37000 37000 28300 44100 37000 37000 37000 37000 55400 55400
H J mol-1 220000 220000 573000 594000 220000 220000 220000 220000 200500 199800
∆S J K-1 mol-1 710 710 1851 1920 710 710 710 710 670 671
Eav J mol-1 58520 58520 30340 33089 58520 58520 58520 58520 54000 56000
θ - 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.67 0.52
Stomatal
conductance
g0 mol m-2 s-1 0.01 0.01 0.0013 0.0023 0.015 0.015 0.015 0.015 0.047 0.055
g1 - 2.78 2.78 5.15 5.3 3.53 3.53 3.53 3.53 3.82 3.48
D0 Pa 1000 1000 1200 1200 10000 10000 10000 10000 1200 1410
Respiration
Rdf µmol m-2 s-1 .37 .26 .16 .15 3.1 2 3.5 2.7 .69 .69
Qf - 2.6 2.8 2.1 2.1 2 2 2 2 2 2
Rmw µmol kg-1s-1 .14 .14 .65 .65 .23 .23 .23 .23 .23 .23
Qw - 2 2 2.1 2.1 2 2 2 2 2 2
Rmr µmol kg-1s-1 7 7 4 4 4.6 6.7
Qr - 2 2 2 2 2 2
Other
LAI m2 m-2 4 5.7 4.3 6.1 5.6 6.1 5.6 6.1 8.1 18.3

The model was run for a full year for ambient and elevated [CO2] treatments in each experiment. In
order to compare the direct and indirect effects of CO2 on photosynthesis, a sensitivity analysis was
also conducted, in which the model was run assuming that only one of the following effects occurred:
an increase in [CO2], the change in leaf area observed in elevated [CO2], or the change in leaf
physiology observed in elevated [CO2].

Respiration losses

Respiration was divided into growth and maintenance components. Growth respiration was estimated
as a fixed fraction of the biomass increment, with the construction cost being higher for foliage than
other plant components. Maintenance respiration was estimated using a simple exponential relationship
with temperature (see Appendix to Chapter 6) multiplied by standing biomass.

Biomass increment

In each experiment, a harvest was carried out at the end of the simulation period. In the Glencorse and
Berlin experiments, both above- and below-ground biomass was measured, whereas only above-ground
components were measured at Vielsalm and UIA. The harvest measurements were used to develop
allometric equations relating biomass of each compartment to stem height and diameter. These
relations could then be used to estimate the initial biomass and hence the biomass increment of woody
components.
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5.3.3 Results and Discussion

The results of the analyses are given in Tables 5.5 and 5.6. The elevated [CO2] effect on the annual
above-ground biomass increment ranged from a 3% increase in the Vielsalm irrigated treatment to a
140% increase in the Berlin mini-ecosystem. The numbers given in these tables are very approximate,
being based on a large number of assumptions, but nonetheless they are very helpful in explaining why
there was such a great difference between experiments.

Table 5.5. Results of sensitivity analysis.

Glencorse Berlin Vielsalm
Unfertilised

Vielsalm
Fertilised

UIA Pine

Total photosynthesis
(g C tree-1 y-1)

Ratio Ratio Ratio Ratio Ratio

Ambient 2021 36.31 2519 2724 1472
Ambient + E  physiology 1758 0.87 39.43 1.09 2143 0.85 2508 0.92 1069 0.73
Ambient + CO2 3164 1.57 43.90 1.21 2923 1.16 3132 1.15 1679 1.14
Ambient + E LAI 2844 1.41 47.08 1.30 2711 1.08 2892 1.06 2449 1.66
Ambient + CO2 + E LAI 4409 2.18 58.26 1.60 3141 1.25 3324 1.22 2808 1.91
Elevated 3886 1.92 63.74 1.76 2688 1.07 3056 1.12 2045 1.39

Table 5.5 shows that the direct effect of elevated [CO2] on canopy C gain was about 15-20% for most
of the experiments, but was much higher (57%) at Glencorse. This difference is related to the canopy
light environment in the experiments. The canopy within the OTCs in most of the experiments, except
for Glencorse, was close to being closed, and Medlyn (1996) demonstrated, using the MAESTRO
model, that the direct effect of doubled [CO2] on canopy photosynthesis should be of the order of 15-
25% in closed canopies. However, the trees in the Glencorse experiment were grown individually and
photosynthesis would often have been light-saturated, leading to a larger direct effect of [CO2].

The effect of [CO2]-induced changes in physiology on canopy C gain varied between experiments,
according to the level of photosynthetic down-regulation, but was relatively small in all cases, ranging
from a 9% increase at Berlin to a 23% decrease at UIA. In contrast, there was a strong indirect effect of
elevated [CO2] via increased leaf area in some of the experiments.  Leaf area was increased by more
than 100% in the UIA experiment, leading to a large positive feedback on canopy C gain. On the other
hand, leaf area was only increased by about 10% in both Vielsalm treatments, resulting in a small (6-
8%) additional C gain.

Finally, allocation of the additional carbon taken up in elevated [CO2] varied greatly between
experiments, as shown by Table 5.6. In the two most nutrient-stressed experiments, Glencorse and the
Vielsalm unfertilised treatment, the additional carbon was preferentially allocated below-ground. In the
Berlin mini-ecosystems, where nutrient availability was adequate but competition for light intense, the
additional carbon was preferentially allocated to stem. In the UIA pine experiment, in which no one
stress dominated, all parts of the plant received additional carbon.
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Table 5.6. Estimated carbon balance for the four experiments. Each term was calculated as follows:
1 = MAESTRA Output
2 = 4 + 9
3 = 1 - 2
4 = 5 + 6 + 7 + 8, each from MAESTRA
9 = 10 + 11 + 12 + 13, each estimated by applying a construction cost to the biomass increments 15 - 18
14 = 15 + 16 + 17 + 18, each from harvest data
19 = 15 + 16
20 = 5 + 6 + 10 + 11 + 15 + 16
21 = 1 – 20

Glencorse Berlin Vielsalm Unfertilised Vielsalm Fertilised UIA Pine
A E E/A A E E/A A E E/A A E E/A A E E/A

1. Total photosynthesis 2021 3886 1.92 29.04 50.99 1.7 2519 2688 1.07 2724 3056 1.12 1472 2045 1.39
2. Total respiration 784 1243 1.59 14.38 25.19 1.7 426 770 1.81
3. Net photosynthesis 1237 2642 2.14 14.66 25.8 1.7 1046 1275 1.22
4. Maintenance respiration 431 717 1.66 11.22 18.58 1.6 294 572 1.95
5. Foliage 175 178 1.02 3.68 5.06 1.3 382 270 0.71 430 366 0.85 149 284 1.91
6. Stem + branch 39 59 1.5 2.31 5.81 2.5 34 40 1.18 26 29 1.1 33 34 1.04
7. Coarse roots 24 32 1.34 0.34 0.51 1.4
8. Fine roots 192 448 2.33 4.88 7.21 1.4 112 254 2.27
9. Growth respiration 354 527 1.49 3.16 6.62 2 132 197 1.49
10. Foliage 90 94 1.04 1.18 1.37 1.1 48 60 1.25 55 81 1.47 68 115 1.69
11. Stem + branch 141 219 1.56 0.78 2.23 2.8 49 62 1.27 42 47 1.12 49 51 1.04
12. Coarse roots 87 128 1.47 0.42 1.06 2.5
13. Fine roots 35 84 2.4 0.77 1.96 2.5 15 31 2.07
14. Biomass increment 1275 2004 1.57 9.21 22.47 2.4 414 557 1.35
15. Foliage 172 262 1.52 2.25 3.8 1.6 123 135 1.1 141 182 1.29 104 174 1.67
16. Stem + branch 640 997 1.56 3.56 10.13 2.8 541 552 1.02 440 720 1.64 249 260 1.04
17. Coarse roots 397 584 1.47 1.93 4.82 2.5
18. Fine roots 67 161 2.4 1.47 3.73 2.5 61 123 2.02

19. Above-ground biomass increment 812 1259 1.55 5.81 13.93 2.40 664 687 1.03 581 902 1.55 353 434 1.23
20. Total above-ground allocation 1257 1809 1.44 13.76 28.4 2.06 1177 1119 0.95 1134 1425 1.26 652 919 1.41
21. Total below-ground allocation 764 2077 2.72 15.28 22.59 1.48 1342 1569 1.17 1590 1631 1.03 820 1126 1.37
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It is clear that the observed variability in the [CO2] response of biomass is not random, but
can be attributed to clearly defined causes. Consider the contrast between the Berlin (140%
increase in above-ground biomass increment) and the Vielsalm unfertilised (3% increase)
experiments. Why was the response so much higher at Berlin? The direct effect of elevated
[CO2] on canopy C gain was almost the same in the two experiments. However, a small up-
regulation of photosynthetic rate amplified this effect at Berlin and a small down-regulation
reduced it at Vielsalm. Some of the additional carbon was allocated to foliage at Berlin,
leading to a positive feedback on canopy C gain, and hence even more carbon available for
stem growth, whereas at Vielsalm almost all additional carbon was allocated below-ground,
leading to a negligible [CO2] effect on above-ground biomass.

The contrast between the Glencorse and Vielsalm fertilised treatments is also interesting. In
these experiments, the [CO2] effect on above-ground biomass increment was very similar,
about 55%. However, the mechanisms leading to this increase differed strongly between the
experiments. At Glencorse, total canopy C gain was strongly enhanced (90% increase) by
growth in elevated [CO2], owing to the high within-canopy light availability. However, much
of this additional carbon was sent below-ground, resulting in just a 55% increase in above-
ground biomass. On the other hand, at Vielsalm, the total canopy C gain was only increased
by 12%, as a result of a closed canopy and photosynthetic down-regulation. However, all of
this additional carbon was allocated to above-ground growth, resulting in the same 55% [CO2]
response as found at Glencorse.

Despite the approximate nature of the figures obtained in this exercise, some conclusions may
be drawn. Firstly, it is clear that behind the mean elevated [CO2] effect on biomass reported
earlier in this chapter lies a whole host of interacting factors, and we should be wary of over-
interpreting that number. In particular, biomass responses observed in individual plants, such
as at Glencorse and many other [CO2]-enrichment studies, are likely to be considerably higher
than could be expected in light-limited forest canopies. It is also clear that allocation patterns
will strongly determine biomass responses to elevated [CO2]. In plants with adequate
nutrition, allocation of additional carbon to foliar biomass can lead to further C gains and
hence large above-ground biomass responses, such as in the Berlin experiment. On the other
hand, where nutrition is limiting, the tendency to allocate additional carbon below-ground to
enhance nutrient uptake could lead to minimal [CO2] effects on above-ground biomass, such
as in the Vielsalm unfertilised experiment.
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CHAPTER 6
MODEL COMPARISON

Belinda Medlyn, Mark Broadmeadow, Tim Randle, Giorgio Matteucci, Eric
Dufrêne

6.1 Introduction

In Chapters 7 and 8, a range of models is used to predict impacts of elevated CO2 and temperature
on forest growth across Europe. These models are described in the Appendix to this Chapter, and
the key differences between them are outlined qualitatively. In this chapter, the aim is to compare
these models against each other and against flux data obtained from both forest stands and elevated
[CO2] experiments to verify that (1) the models make similar predictions to each other, and (2) the
models are capable of simulating fluxes under current and future climates.

There are several good reasons why there are a number of different models in use within the group.
The foremost is that the models were developed with different purposes in mind, according to the
particular research interests of that group. For example, the MAESTRA model, which includes a
detailed three-dimensional description of canopy structure, was developed by a group interested in
the relationship between radiative transfer and canopy structure (Wang and Jarvis 1990a), while the
GROMIT model, which has a simpler canopy representation but also includes long-term canopy
carbon and water balance, was developed as a forest management tool (Ludlow et al. 1990). A
second reason is that there may be several competing hypotheses to explain a process (for example,
stomatal conductance – see Appendix), and different groups may favour different hypotheses. A
third, more practical, reason, is that modelling almost always involves model development, so that
even if groups begin with the same model, their models may diverge – as has happened during this
project, with the development of the MAESTRO model (Wang and Jarvis 1990b) into MAESTRA
(http://www.ed.ac.uk/~bmedlyn/maestra), for example.

Given that different groups work with different models, it is important to know how the models
compare. However, it can be difficult to conduct a meaningful comparison between models. If the
models are simply run for the same site, outputs will invariably differ, and explaining the difference
may not be straightforward (see, for example, Sonntag 1997), requiring more innovative approaches
to the comparison. One US group used the approach of breaking down model outputs into several
multiplicative factors including resource-use efficiencies in order to be able to identify key reasons
for the differences between their models (Ruimy et al. 1999). Our approach was first to review all
the models qualitatively to identify a priori the major differences between them (see the Appendix).
This review highlighted that the models we were using were all quite similar in structure, and
included many of the same submodels. We eliminated spurious differences between the models,
arising from different implementations of essentially the same model, or use of different parameter
values. We then conducted the model comparison on a process-by-process basis, assigning
differences in model outputs to the differences in representation of underlying processes.

Another difficulty of model comparison is that, even if models compare well against each other, it
does not necessarily imply that they are all correct – they may well all contain the same error (Field
et al. 1996). Thus, here we also made use of flux data as a baseline against which to compare model
outputs. Half-hourly fluxes of CO2 and water vapour were obtained
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Figure 6.1 Flux data used as baseline for model comparison, plotted against measured incident PAR.  (a) - (c) Gross
primary productivity (GPP), estimated by adding whole-system respiration (from temperature regression,
Table 6.1) to the measured CO2 flux.  Note that positive values represent an uptake of CO2.  (d) - (f) Canopy
transpiration, estimated as canopy H20 flux when canopy is dry.  (a), (d) Flakaliden stand.  (b), (e) Collelongo
stand.  (c), (f) Berlin mini-ecosystems; filled points, ambient [CO2] treatment; open points, elevated [CO2]
treatment.

from two contrasting forest stands, the Swedish Picea abies stand and the Italian Fagus sylvatica
stand (see Chapter 2), and from the mini-ecosystem experiment with Fagus sylvatica in Berlin (see
Chapter 9.3). Corresponding meteorological data and physiological parameter values obtained from
the same stands were used to drive all the models in the comparison, and the outputs then compared
against fluxes. Previously, stand growth and water balance data have often been used to validate
model output (e.g. McMurtrie and Landsberg 1992). However, the flux data are much more useful
for model comparison since they are available on a much finer time scale and can be used to
validate models of canopy photosynthesis and transpiration as well as stand growth models.
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6.2 Methods

6.2.1 Flux data

Flux data were made available from two contrasting forest stands, one coniferous (Flakaliden, N.
Sweden) and one deciduous (Collelongo, Italy). Details of these flux sites are given in Chapter 2.
The flux data were obtained in the context of the Euroflux project (Aubinet et al. 1999). Flux data
from plants grown in ambient and elevated CO2 concentrations were also obtained from the Berlin
mini-ecosystems, described in Chapter 9.

For each site, a period of 14 - 28 days' flux data was obtained, in mid-summer, with no reported
water stress. Meteorological variables, including incident PAR, temperature and relative humidity,
and fluxes of CO2 and water vapour were obtained.

We wanted to test the modelled GPP and transpiration, rather than whole-system CO2 and H2O
fluxes. Therefore, we calculated GPP from the CO2 fluxes by adding an estimate of whole-system
respiration, obtained from a regression of night-time values against temperature. Only day-time
fluxes are included in the comparison. Also, we excluded periods when the canopy was wet (up to
one day after a rain event) from the comparison so that only modelled transpiration, not
evaporation, was compared.

The light responses of the GPP and H2O fluxes obtained from each site are illustrated in Figure 6.1.

6.2.2 Parameter values

Model parameter values were obtained from physiological and structural studies at each site, as
detailed in Chapters 2 and 9. These values, which were made available to all modellers through the
Ecocraft database (see Chapter 3), are listed in Table 6.1.

6.2.3 Models

The key features of the models compared are listed in Table 6.2, while full details of all models are
given in the Appendix.

We worked to ensure that models were as comparable as possible. As outlined in the Appendix,
when we first compared the models, we became aware that although they often included the same
sub-model (e.g. the Farquhar and von Caemmerer (1982) model of photosynthesis), this could be
represented in a number of different ways, giving rise to spurious differences between the models.
Hence, we agreed to standardise representations of such processes. After this standardisation, the
key differences remaining between the models were (see Table 6.2):
(1) differences in the degree of detail used to represent canopy structure,
(2) the distribution of photosynthetic capacity, whether assumed to be optimal or specified a priori,

and
(3) the representation of stomatal conductance, where there are two equally well accepted models

embodying quite different hypotheses of stomatal function.
We thus concentrated the model comparison on identifying how these differences in model
construction affected model output.
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Table 6.1 Key model parameters for each site.  For the definition and rôle of these parameters, see the Appendix to this Chapter.

Flakaliden Collelongo Berlin Ambient Berlin Elevated
Site
Latitude 64 07 N 41 52 N 52 28 N
Longitude 19 27 E 13 38 E 13 18 E
Elevation (m) 315 1550
Flux data period 15/6 – 23/7/96 26/7 – 18/8/96 1/7 – 31/7/93
Stocking (no. ha-1) 2100 890 25 trees / 0.64 m2 chamber area
Other Effect of Chamber on PAR: 0.85

Canopy Structure
LAI 2.4 5.4 3.82 6.24
k 0.6 0.85 0.9 0.9
Mean leaf angle (º) 19.4 19.4
Mean tree height (m) 4.94 18 0.95 1.12
Mean DBH (mm) 70 212
Mean green crown length (m) 4.45 10.2

Respiration
Whole-system respiration
(µmol m-2 s-1)

R = 1.64 exp(0.097*Tair) R = 1.48 exp(0.08965
(Tair – 5))

R = 0.0605 Tair + 3.9566 R = 0.2049 Tair + 5.881

Stomatal Conductance
Ball-Berry model
g0 (mol m-2 s-1) 0 0.001 0.001 0.001
g1 (mol m-2 s-1) 5.5 4.17 4.17 4.41
Γ (µmol mol-1) 55 65 65 79

Ball-Berry-Leuning
g0 (mol m-2 s-1) 0.015 0.001 0.002
g1 (mol m-2 s-1) 3.53 5.15 5.3
Γ (µmol mol-1) 55 76.1 77.7
D0 10000 1200 1200
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Table 6.1 (cont).

Flakaliden Collelongo Berlin Ambient Berlin Elevated

Photosynthesis Parameters
Jmax (µmol m-2 s-1) Height (m) Jmax Height (m) Jmax Height (m) Jmax

uniform 144.8 13.1 38.4 0.08 29.73 0.08 28.87
16 64.4 0.24 37.53 0.24 27.14
18 79.6 0.40 49.84 0.40 47.71
21 121.6 0.55 55.21 0.56 58.59

0.72 64.94

Vcmax (µmol m-2 s-1) Height (m) Vcmax Height (m) Vcmax Height (m) Vcmax
uniform 67.1 13.1 17.29 0.08 21.55 0.08 19.91

16 26.16 0.24 26.12 0.24 18.93
18 32.34 0.40 33.34 0.40 30.57
21 49.4 0.55 36.49 0.56 36.73

0.72 40.32

Photosynthesis & Temperature
Eaj  (J mol-1) 37000 28300 26100 35352
H  (J mol-1) 220000 573000 419100 479800
∆S (J mol-1) 710 1851 1351 1551
Eav (J mol-1) 58520 30300 25600 26976

Other
Absorptance 0.75 0.75 0.75 0.75
θ 0.7 0.7 0.7 0.7
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Table 6.2 Key features of the models in the comparison.

BEWDY (GDAY) CANOAK CASTANEA GROMIT MAESTRA
Canopy Structure
- Vertical

big-leaf 5 layers layers of depth
0.1 LAI

layers of depth 1 LAI up to 10 layers

Canopy Structure
- Horizontal

homogeneous homogeneous homogeneous Zonal efficiency
changing within the
crown. Homogeneous
within zones.

crowns; gridpoints
within each crown

Radiation
interception

direct / diffuse direct / diffuse direct / diffuse direct / diffuse ray tracing;
direct / diffuse;
scattering

Leaf
photosynthesis

Farquhar Farquhar Farquhar Farquhar Farquhar

Variation in
physiology

assumed optimal specified by layer specified by layer specified by layer specified by layer

Stomatal
conductance

Ball-Berry Ball-Berry Ball-Berry Jarvis 3 alternatives
(Ball-Berry used)

Leaf energy
balance

none iteration none none iteration

Variation in [CO2] none Lagrangian
random-walk

none none none
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The models were used to simulate absorbed radiation, canopy GPP and transpiration under
ambient conditions for each of the two forest stands. Additionally, the distribution of absorbed
radiation simulated by each model was investigated by outputting a frequency histogram of
absorbed radiation intensity in the canopy for two contrasting days for each site. The models
were also used to simulate canopy GPP and transpiration for the ambient and elevated [CO2]
treatments of the Berlin mini-ecosystem experiment. Finally, each model was also used to
predict the effects of doubled [CO2] and increased temperature on canopy GPP and
transpiration over the simulation period for the two forest stands. Four  scenarios were used:
+350 ppm CO2, +2 °C, +4 °C, and the combined effect of +350 ppm CO2 and +2 °C. For the
increased temperature scenarios, absolute air humidity was assumed to remain constant.

6.3 Results

6.3.1 Comparison of models against flux data from forest stands

6.3.1.1 Simulation of absorbed PAR

Model estimates of absorbed PAR over the flux periods for both forest stands are shown in
Figure 6.2. There are clear differences between output of different models. For the BEWDY
model, which assumes a big-leaf approximation for absorbed PAR, the relationship between
absorbed and incident PAR is a straight line, while it is more scattered for the other models,
which assume a more detailed representation of the canopy.

The slope of the APAR/IPAR differs between models for Flakaliden according to the method
with which they treat the large gap fraction (approx. 0.53) between tree crowns at the site. In
BEWDY, it is ignored, so that the leaf area index of 2.4 is assumed spread over all ground
area, resulting in a high estimate of absorbed PAR. In GROMIT, ground area is divided into
‘occupied’ canopy, with a mean LAI of 5.36, and ‘unoccupied’ canopy, with zero LAI, which
results in a lower proportion of incident PAR being absorbed. In MAESTRA, the position and
size of individual tree crowns is simulated, and thus the fraction of incident PAR which is
absorbed varies between those estimated by the other two models, depending on sun angle.

For Collelongo, the MAESTRA model estimated the highest fraction of incident PAR being
absorbed, because of the inclusion of the absorption of radiation scattered within the canopy.

Figure 6.3 shows the frequency distribution of absorbed radiation intensity within the canopy
predicted by three of the models. For Flakaliden, the frequency distributions were not greatly
different among models. For Collelongo, particularly on the sunny day, the distributions
appear quite different. Each model predicts a peak in the distribution which represents the
radiation absorbed by sunlight foliage, but the models disagree on the intensity at which this
peak occurs.

Figures 6.2 and 6.3 highlight the differences in estimates of absorbed radiation produced by
different models. Estimates can vary by up to 50% depending on the representations of
canopy structure utilised.
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Figure 6.2 APAR estimated by each model, plotted against measured incident PAR, for the periods over which
flux data were obtained. (a) Flakaliden. (b) Collelongo. •  BEWDY model; � MAESTRA model; �
GROMIT model; × CASTANEA model.
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Figure 6.3 Histograms of frequency of absorption intensity of PAR through the canopy predicted by each model.
(a) Sunny day, Flakaliden. (b) Cloudy day, Flakaliden. (c) Sunny day, Collelongo. (d) Cloudy day,
Collelongo. •  BEWDY model; � MAESTRA model; � GROMIT model.; x CANOAK model.

6.3.1.2 Simulation of GPP

Figure 6.4 shows simulated GPP by each model as a function of GPP estimated from flux
measurements. It may be seen that all models perform considerably better for Flakaliden than
for Collelongo. This is because incident PAR is an important driving variable for all models,
and the CO2 flux is closely related to incident PAR at Flakaliden but less so at Collelongo
(Figure 6.1). A possible reason for this difference between the sites is that the Flakaliden
stand is an even-aged plantation stand and is relatively uniform, while the Collelongo site is
more heterogeneous, with trees of different ages and heights.
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Caption on following page.
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Figure 6.4 Regressions of modelled GPP vs. GPP estimated from flux data at Flakaliden ((a) – (c)) and
Collelongo ((d) – (h)). (a), (d) BEWDY model. (b), (e) MAESTRA model. (c), (f) GROMIT model.
(g) CASTANEA model. (h) CANOAK model.
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Interestingly, despite the differences in simulated radiation absorption among models noted
above, there were few differences among models in simulated GPP – slopes and values of r2

of the regressions between modelled and measured GPP were very similar for all models. For
Flakaliden, the GROMIT model assumed that the understory also contributed to GPP.
Understory GPP, which was calculated only for the ‘unoccupied’ canopy, was assumed to be
30% of overstory GPP. This assumption explains why the GROMIT model estimated a
similar GPP to the other models despite the much smaller absorption of incident PAR. For
Collelongo, however, there was no understory. The similarity of GPP predicted by the models
here despite the differences in absorbed radiation implies that there is a lack of sensitivity in
models of GPP to the absorbed radiation regime.

6.3.1.3  Simulation of evapotranspiration

Figure 6.5 shows simulated canopy transpiration as a function of measured H2O fluxes in the
forest stands. At Flakaliden, the BEWDY and MAESTRA models performed similarly; both
underpredicted transpiration by about 40%. The GROMIT model performed better,
underpredicting by only 15%. The difference is again due to the inclusion of the understory:
neither BEWDY nor MAESTRA estimate understorey evapotranspiration, while GROMIT
assumes that the understory evapotranspiration is 30% of that of the overstory.

None of the models performed well when simulating water vapour fluxes for Collelongo, with
all regressions showing a lot of scatter. The use of different submodels of stomatal
conductance did not appear to affect the model outcome, since all four models performed
similarly.

6.3.2 Comparison of models against flux data from Berlin mini-ecosystems

In general the models succeeded well at simulating the GPP in the mini-ecosystems (Figure
6.6). Slopes of regressions of modelled versus measured data ranged from 0.8 to 1.24 with r2

generally above 0.8. The impact of elevated [CO2] on stand GPP was captured well, with all
models simulating GPP equally well in ambient and elevated [CO2] treatments. However the
regressions also exhibit a tendency towards a ‘banana-shape’, whereby the model
overestimates intermediate values and underestimates high ones. This effect occurred for all
models, regardless of the detail used to represent the canopy.

None of the models succeeded particularly well at simulating the H2O fluxes in the mini-
ecosystems (Figure 6.7). Models tended to underestimate the flux and comparisons of
modelled with measured values gave rather low regression r2s. As with the transpiration data
from the forest stands, there was little difference between models regardless of the stomatal
conductance submodel chosen.
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Caption on following page.
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Figure 6.5 Regressions of modelled transpiration vs. measured H2O fluxes at Flakaliden ((a) – (c)) and
Collelongo ((d) – (h)). (a), (d) BEWDY model. (b), (e) MAESTRA model. (c), (f) GROMIT model.
(g) CASTANEA model. (h) CANOAK model.
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Caption on following page.
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Figure 6.6 Regressions of modelled GPP vs. GPP estimated from whole-system gas exchange in the Berlin mini-
ecosystems for (a) – (d) ambient and (e) – (h) elevated [CO2] treatments. (a), (e) BEWDY model. (b),
(f) MAESTRA model. (c), (g) GROMIT model. (d), (h) CASTANEA model.
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Figure 6.7 Regressions of modelled transpiration vs. H2O fluxes measured using whole-system gas exchange in
the Berlin mini-ecosystems for (a) – (d) ambient and (e) – (h) elevated [CO2] treatments. (a), (e)
BEWDY model. (b), (f) MAESTRA model. (c), (g) GROMIT model. (d), (h) CASTANEA model.
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6.3.2 Comparison of predicted [CO2] and T effects

In addition to simulating the flux data, the models were also run to predict potential effects of
elevated [CO2] and temperature on forest stand CO2 and H2O fluxes during the same periods.
Results of these model runs are shown in Table 6.3. The broad pattern of predicted responses
was strikingly similar among models, although they occasionally differed by up to 20%.
Predicted responses of GPP to doubled [CO2] ranged from 18 – 29% at Flakaliden and 30 –
42% at the warmer site Collelongo, in line with the suggestion that CO2 responses should be
higher at higher temperatures. Responses of GPP to increasing temperature generally ranged
about zero for both sites, although two models predicted a 20% decrease in GPP with a 4 °C
increase in temperature at Collelongo. All models predicted a strong reduction in canopy
transpiration in elevated CO2, ranging from 33 – 40% at Flakaliden and 15 – 40% at
Collelongo. Increased temperature was generally predicted to have a large effect on
transpiration at the Flakaliden site. The biggest difference between models was in the
prediction of the effect of a 4 °C increase in temperature on transpiration at Collelongo;
predicted effects ranged from a small decrease to a 30% increase. The reasons for this
disrepancy between the models are still unclear.

Table 6.3 Effects of increased CO2 and temperature on modelled fluxes. Scenarios: +CO2 = 350 µmol mol -1
increase in CO2; +T2 = 2 °C increase in temperature; +T4 = 4 °C increase in temperature; +CO2,+T2
= 350 µmol mol -1  increase in CO2 and 2 °C increase in temperature.

(a) Fluxes of CO2

+CO2 +T2 +T4 +CO2, +T2
Flakaliden
MAESTRA 1.21 1.01 1.00 1.25
BEWDY 1.29 1.01 1.01 1.33
GROMIT 1.18 0.98 0.94 1.16
Collelongo
MAESTRA 1.35 0.99 0.96 1.36
BEWDY 1.37 0.92 0.81 1.28
GROMIT 1.33 1.01 1.00 1.35
CASTANEA 1.31 0.94 0.87 1.29
CANOAK 1.42 0.91 0.81 1.31

(b) Fluxes of H2O

+CO2 +T2 +T4 +CO2, +T2
Flakaliden
MAESTRA 0.60 1.17 1.31 0.71
BEWDY 0.62 1.19 1.34 0.75
GROMIT 0.67 1.21 1.39 0.81
Collelongo
MAESTRA 0.68 1.13 1.21 0.78
BEWDY 0.62 1.06 1.05 0.67
GROMIT 0.72 1.16 1.30 0.84
CASTANEA 0.84 1.02 1.04 0.89
CANOAK 0.75 1.01 0.97 0.77
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6.4 Discussion and Conclusions

The two major aims of this chapter were (1) to test a series of models against against flux data
obtained from both forest stands and elevated [CO2] experiments to verify that the models are
capable of simulating fluxes under current and future climates, and (2) to compare the models
against each other to verify that they make similar predictions of forest responses to elevated
[CO2] and temperature.

The test of the models against flux data was generally encouraging (Figures 6.4 - 6.7), with
the models predicting GPP well, particularly given that the models were not ‘calibrated’ in
any way for the sites, and that all parameter values were specified in advance. Predictions of
H2O fluxes were less good. This probably reflects the fact that these models were, in general,
developed to predict canopy GPP and stand growth rather than water balance. Although a
number of models exist which have been shown to predict stand water balance well (e.g.
McMurtrie et al. 1990), these models operate on a much longer time-scale than the half-
hourly one adopted here.

It should be borne in mind when evaluating the results of this comparison that the flux data
themselves are also subject to error and uncertainty. A particular problem is that, as wind
speed and direction change, the ‘footprint’ of the flux values changes, implying that different
sections of the forest stand may be sampled at different times, leading to variability in the data
values. For the mini-ecosystem gas exchange measurements, on the other hand, the footprint
is fixed, and this is reflected in the much tighter fit of the models to the mini-ecosystem data
than to the flux data.

The models were standardised where possible, but a single model could not be agreed upon
owing to differences in modelling objectives and philosophy between different groups. The
major differences between the models were (1) differences in the degree of detail used to
model canopy structure, and (2) the choice of submodel used to estimate stomatal
conductance. Differences in model representation of canopy structure led to clear differences
in model predictions of absorbed PAR (Figures 6.2 – 6.3). However, all models predicted
quite similar GPP and transpiration, regardless of model assumptions (Figures 6.4 – 6.7).
Similarly, predicted CO2 and temperature effects on canopy GPP and transpiration were
similar among models, although predictions could vary in some cases by up to 20% (Table
6.3).

The results of the model comparison with estimates of GPP give us confidence in model
predictions of GPP. However, further work on modelling of canopy transpiration is required
before we can have confidence in the models’ short-term predictions of H2O fluxes. In terms
of predictions of elevated [CO2] and temperature effects on canopy fluxes, it is clear from this
comparison (Table 6.3) that model outputs, such as those presented in the following chapters,
are quite comparable. The variation among models seen in Table 6.3, however, gives an
indication of how much of the variability in results in the following chapters may be attributed
to the use of different models.
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Appendix to Chapter 6
Guide To Ecocraft Models

Belinda Medlyn, Tim Randle, Eric Dufrêne, David Sampson, Giorgio Matteucci,
Seppo Kellomäki, Ross McMurtrie

Introduction

There are eight different Ecocraft models, which cover a wide spectrum of modelling approaches.
This appendix is a brief guide to the main features of these models.

The models presented here are analysed in terms of processes. Part I of the appendix gives a brief
introduction to each model, listing which processes are represented in the model, and how they are
represented.  In Part II, each process is considered in turn, and the different ways in which each
process is represented across all the models are described.

PART I: MODEL OUTLINES

The eight models can be divided into three groups according to the time scale of interest and level
of detail of the model.

In the first group are models based on a very short time scale, which aim to simulate canopy
radiation interception and photosynthesis on an hourly or daily basis. These models (CANOAK and
MAESTRA) focus on the fine details of canopy structure.

In the second group are models based on an intermediate time scale, which aim to simulate canopy
carbon and water balance on an annual basis. In these models (BIOMASS, CASTANEA, GROMIT,
and SECRETS) canopy structure is represented more crudely than in the models of the first group,
saving computation time, but additional processes (such as allocation and litterfall) are represented.

The models in the final group are based on long-term time scales, which aim to simulate nutrient
cycling within the system.  These models (G’DAY and FINNFOR) also simulate C and water
balance but in a more simplified way than in the models of the second group.

A. Canopy Models: Models of Radiation Interception & Canopy Photosynthesis

A1. CANOAK (University of Viterbo; contact Giorgio Matteuci)
The CANOAK model calculates canopy radiation interception, photosynthesis and leaf energy
balance, on very short time scales, using a time step of half an hour. It also simulates flux densities
of CO2, water vapour and sensible heat within and above the canopy, using a ‘random walk’
diffusion model. It is highly suitable for comparison with eddy flux measurements. The model was
developed for mixed-species deciduous forests.

A2. MAESTRA (University of Edinburgh; contact Belinda Medlyn)
The MAESTRA model calculates radiation interception, photosynthesis and transpiration on an
hourly time-step. It does not simulate tree growth, but changes in leaf area index can be input to the
model. The canopy is assumed to be an array of tree crowns, and radiation interception is calculated
taking into account transmission through canopy gaps. It was developed for Sitka spruce forests.
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B. Growth Models: Models of Carbon balance

B1. BIOMASS (SUAS - contact Johan Bergh; UNSW - contact Ross McMurtrie)
The BIOMASS model simulates canopy C and water balance on a daily time step. The
representation of the canopy is intermediate between the highly detailed approach of MAESTRA
and the simplified models such as G’DAY. BIOMASS was developed for Pinus radiata stands.

B2. CASTANEA (UPS - contact Eric Dufrene)
The CASTANEA model calculates photosynthesis and transpiration on an hourly basis, and C and
water balance on a daily basis, for a stand. It was developed for deciduous forests.

B3. GROMIT (FC - contact Tim Randle)
The model consists of two components; the first operates on a short time step (hourly or more
frequently), and calculates radiation interception, photosynthesis and water-balance. These can be
output as themselves, or summed to give annual values, which are functions of LAI. The second
component is the growth model. The growth model component simulates growth & mensuration at
an individual tree level, using the annual C and water balance calculated from the short-term model
component. The model was originally developed for coniferous forest plantations, but is now also
being used in broadleaf simulations.

B4. SECRETS (UIA* - contact David Arthur Sampson)
The SECRETS model calculates photosynthesis and transpiration on an hourly time step (or more
frequently), and C and water balance on a daily basis, for single or multiple forest patches with or
without under-stories.  The GRASSLAND DYNAMICS (J Thornley) sub-model of soil C and N
was integrated into SECRETS.  The SECRETS model was developed for both coniferous (Pinus
sylvestris) and deciduous (Quercus spp., Prunus spp.) forest species.

C. Ecosystem Models: Models incorporating Soil Nutrient Feedbacks
The models in this section function on a longer time scale (up to centuries) and incorporate soil
nutrient cycling.

C1. FINNFOR (UJ - contact Seppo Kellomaki)
FINNFOR is a relatively detailed model of boreal forest growth. It includes representations of a
number of processes not dealt with in the other models including snow accumulation and seed
recruitment.  Nutrient availability is modeled on an annual time step; for other variables, the time
step is adapted to approximate the time constant of the process, with the shortest time step being
one hour.  It utilises object-oriented design principles; this makes it slightly more difficult to
compare with the other models, which are all process-based.

C2. G’DAY (UNSW - contact Ross McMurtrie)
The G’DAY model couples a simple representation of photosynthetic productivity (the BEWDY
model) with the CENTURY model of soil dynamics. It was developed as a generic model.
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CANOAK MAESTRA BIOMASS CASTANEA GROMIT SECRETS FINNFOR G’DAY
Canopy
Structure -
Vertical

5 layers up to 10 layers 3 layers layers of depth
0.1 LAI

Layers of depth 1
LAI

big-leaf or multi-
layer

multi-layer big-leaf

Canopy
Structure -
Horizontal

Homogeneous crowns;
gridpoints within
each crown

randomly
arranged crowns

homogeneous Zonal efficiency
changing within
the crown.
Homogeneous
within zones.

homogeneous crowns homogeneous

Radiation
interception

Direct / diffuse; direct / diffuse;
scattering;
gaps in canopy

direct / diffuse;
1st-order
scattering;
gaps in canopy

direct / diffuse direct / diffuse diffuse / direct diffuse / direct diffuse / direct

Leaf
photosynthesis

Farquhar Farquhar Blackman OR
Farquhar

Farquhar Farquhar Farquhar Farquhar Farquhar

Temperature
dependence

Activation activation cubic activation activation activation activation activation

Nitrogen
dependence

- Vcmax, Jmax linear Amax, Vcmax, Jmax
linear

Vcmax, Jmax linear Vcmax, Jmax linear Vcmax, Jmax linear Vcmax, Jmax linear Vcmax, Jmax linear

Canopy
photosynthesis

Summed;
Spec phys varn(1)

summed;
spec phys varn

summed;
spec phys. varn

summed;
spec phys. varn

summed;
spec phys varn

summed;
spec phys. varn

summed;
spec phys.varn

optimal
distribution

Phenology of
photosynthesis

- - Bergh et al OR
sinusoidal

- - - Frost-hardiness -

Stomatal
conductance

Ball-Berry Jarvis OR Ball-
Berry

Jarvis OR Ball-
Berry

Ball-Berry Jarvis Ball-Berry Jarvis Ball-Berry

Leaf energy
balance

Iteration - - - - - - -

Maintenance
Respiration

Area basis;
Q10

area or N basis;
Q10

DW or N basis;
Q10

N basis &
mineral content;
Q10

DW basis;
Q10

DW basis;
Q10

weight basis;
modified Q10

Const. fraction of
total resp.

Growth
Respiration

- - const. fraction based on
construction cost

const. fraction or
as total respn

 const fraction of
tissue growth.

const. rate Const. fraction of
total resp.
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CANOAK MAESTRA BIOMASS CASTANEA GROMIT SECRETS FINNFOR G’DAY
Transpiration calulates flux of

water vapour
Penman for
leaves

Penman for
canopy

Penman for
canopy

Penman for each
LAI in canopy

Penman for
canopy

Penman for
canopy

-

Allocation - - constant OR    ~
leaf N OR
phenological

Phenological
constant rate

fixed to fine
roots; pipe model

Phenological
hierarchy

constant constant OR    ~
[N]f

Litterfall - - constant rate constant rate constant rate; age
classes of foliage

Constant rate
based on LAI

constant rate constant rate

N Uptake - - - - - fn of tissue
growth and N
conc.

min (avail N,
max usable N,
root activity)

all avail. N after
leaching

N Allocation - leaf [N] spec. [N]s spec. - - Proportional proportional
[N]s; retrans.

linear [N]s;
retrans.

Soil respiration fn of T &
moisture

- - - - fn of T or from
nutrient cycling
and root mass

from nutrient
cycling

from nutrient
cycling

Nutrient cycling - - - - - Modified
GRASSLAND
DYNAMICS

litter cohorts &
humus

modified
CENTURY

Water balance - multi-layer
bucket

2-layer bucket 3-layer bucket 3-layer bucket 2-layer bucket multi-layer
bucket

-

Other - - - - - reproduction -

NOTES: (1) this line refers to variation in physiological parameters with canopy depth: whether there is none, is specified, or is assumed to be optimal.
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PART II: PROCESS REPRESENTATIONS

Canopy Structure

(1) Horizontal structure

The canopy may be assumed to be homogeneous horizontally (CANOAK, CASTANEA, G’DAY,
SECRETS); it may be assumed to be divided into individual crowns of which positions and
dimensions are specified (MAESTRA, GROMIT, FINNFOR); or it may be assumed to be divided
into crowns which are randomly spaced (BIOMASS).

Within the crown, leaf area may be distributed randomly, or according to a beta-distribution in the
horizontal direction (MAESTRA, FINNFOR).

(2) Vertical structure

The canopy may be assumed to be a single layer (i.e. ‘big-leaf’ model) (G’DAY, SECRETS); or it
may be divided into a number of layers (BIOMASS - 3; MAESTRA - up to 10; CANOAK - 5;
CASTANEA, GROMIT, FINNFOR- variable, SECRETS - variable).

Leaf area may be distributed randomly within the canopy, or according to a beta-distribution in the
vertical direction (MAESTRA, FINNFOR), or the leaf area index in each layer may be specified
(CANOAK, BIOMASS, CASTANEA and GROMIT).

(3) Leaf angle distribution

Some models allow the leaf angle distribution to be specified. In MAESTRA, an ellipsoidal leaf
angle distribution is assumed, with a single parameter which is the ratio of the horizontal-:vertical
axes of the ellipse.  In SECRETS, a spherical leaf angle is assumed.  In CANOAK, the mean and
standard deviation of the leaf angle distribution are parameters. In CASTANEA, the mean leaf
angle is specified.

(4) Clumping of foliage

Clumping of foliage is represented in three models. In MAESTRA and SECRETS, clumping of
foliage into shoots is characterised by the ratio of shoot projected area to leaf projected area, which
alters the effective radiation extinction coefficient.  In CANOAK, if foliage is clumped, the
negative binomial distribution is used to calculate radiation interception: the light extinction
coefficient is given by

ggG /)sin//1ln( β+ (1)

where G is the foliage orientation angle, β is the solar elevation angle, and g the foliage clumping
coefficient.

Radiation Interception

The way that radiation interception is simulated is dependent, naturally, on the chosen
representation of canopy structure. However, all of the models are based on the Beer’s Law
formulation of radiation interception.
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Where the canopy is represented as a homogeneous single layer (i.e. a ‘big leaf’) (G’DAY), Beer’s
Law is applied simply as

Iabs  =  I0 (1 - exp(-k L)) (2)

where Iabs is the absorbed radiation, I0 the incident radiation, k an extinction coefficient and L the
leaf area index.  In SECRETS, the cosine corrected light extinction coefficient is used along with
the solar altitude in the calculation of Iabs.

Where the canopy is divided into layers, Beer’s Law is applied to each layer in turn.

If the canopy is considered to consist of a number of individual crowns (MAESTRA, BIOMASS,
FINNFOR), the calculation of radiation transmission is modified to allow for gaps in the canopy
(but not in GROMIT).

All models treat the transmission of diffuse and direct-beam radiation separately. In addition,
BIOMASS calculates first-order scattering and MAESTRA uses an iterative procedure to calculate
scattering.

Interception of direct-beam radiation may be calculated from the average leaf incidence angle, or
the sunlit foliage may be divided into classes according to incidence angle and intercepted radiation
calculated for each class (MAESTRA and GROMIT).

Leaf Photosynthesis

All models are now using the Farquhar and von Caemmerer leaf photosynthesis submodel.

In BIOMASS, there is an option to use a Blackman light-response curve. In this case, the quantum
yield and light-saturated rate of photosynthesis are input parameters. If the Farquhar model is used,
the quantum yield and light saturated rate of photosynthesis are calculated from the Farquhar
model.

An initial comparison of the models in 1996 showed that there were some variations in the
representation of the Farquhar model. However, all models have now been standardised on the
following version of the model:

),min()1( jc
i

*
g WW

C
A Γ

−=

( )0mi

i
cmaxc /1 KOKC

CVW
++

=

)2(4 *i

i
j Γ+
=

C
CJW

0)( maxmax
2 =++− JIaJJIaJ ααθ

 (3)
where: Ag is gross photosynthesis, Γ* the CO2 compensation point in the absence of dark
respiration, Ci the intercellular CO2 concentration, O the atmospheric O2 concentration, Vcmax the
maximum rate of carboxylation by Rubisco, Vomax the maximum rate of oxygenation by Rubisco, τ
the Rubisco CO2 / O2 specificity ratio, Kc and Ko the Michaelis-Menten constants for carboxylation
and oxygenation respectively, Jmax the maximum rate of electron transport, J the actual rate of
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electron transport, a an absorption coefficient, I the incident PAR, αi the quantum yield on an
incident PAR basis, αa the quantum yield on an absorbed PAR basis, and θ the convexity of the
light response of J.

Effect of temperature on photosynthesis

As with the Farquhar model, at the beginning of the project the representation of temperature effects
on photosynthesis was quite variable between the models. However, most models have now
standardised on the following formulation:

Temperature-dependent parameters are Kc, Ko, Γ*, Jmax and Vcmax.
Γ* is given by a quadratic:

Γ* = 36.9 + 1.88 (T – 25) + 0.036 (T – 25)2 (4)

while KC and Ko are given by Arrhenius equations:

Kc = 404 exp(59 400 (T – 25) / (298 R TK)) (5a)
Ko = 2.48 x 105 exp(36 000 (T – 25) / (298 R TK)) (5b)

where T is leaf temperature in °C, Tk is in K and R is the gas constant.

Vcmax and Rd also follow Arrhenius functions:

Vcmax = Vcmax25 exp (Eav (T - 25) / 298 R Tk)) (6)

Rd = Rd 25 exp (Ear (T - 25) / 298 R Tk)) (7)

while Jmax is represented by the humped function
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where Ha, Hd and ∆S are parameters. Standard parameter values for the T-dependence of Vcmax, Jmax

and Rd are as follows: Eaj = 37.0 kJ mol-1, S  = 0.71 kJ K-1 mol-1, H = 220 kJ mol-1, Eav = 64.8 kJ
mol-1, and Ear = 66.4 kJ mol-1.

An alternative model was parameterised for Scots pine and is in use in FINNFOR. The T-dependence of
Γ* is the same as above (eqn 4). For the parameters Kc, Ko and Rd, an exponential function, equivalent to
the Arrhenius equation (eqns 5a, b, 7) was used to represent the temperature dependence:

Parameter (Kc, Ko, Rd) = exp(c – Ea/(RTk) (9)

The following parameter values are used:

c Ea
Kc 33.25 67318
Ko 20.32 36000
Rd 13.68 33870
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The temperature dependence of the parameters Jmax and Vcmax is given by:

with the following parameter values:

c ∆Ha ∆Hd ∆S
Jmax 30.6 61750 185600 651
Vcmax 25.1 52750 202600 669

The BIOMASS model, on the other hand, retains a simpler temperature dependence, given by:
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(11)

and Jmax and Vcmax are cubic functions of (T - 25), where T is the temperature in °C.

Effect of leaf N content on photosynthesis

All models assume photosynthesis is related to leaf nitrogen. The parameters Jmax and Vcmax are
assumed to be linearly related to leaf nitrogen, either on a mass (BIOMASS) or area basis
(CANOAK, CASTANEA, MAESTRA, GROMIT, GDAY, FINNFOR, SECRETS).

Canopy Photosynthesis

In most models, the canopy is divided into layers vertically, and canopy photosynthesis is obtained
by summing over the layers. The variation in leaf physiology with canopy depth is generally
specified either directly, or through specifying how leaf [N] varies with canopy depth. In
MAESTRA and FINNFOR, leaf physiology can also be specified for separate age classes of
foliage.

The exception is G’DAY, which utilises BEWDY to calculate canopy photosynthesis. In this
model, leaf nitrogen is assumed to be distributed optimally through the canopy, which allows an
analytical expression for canopy photosynthesis to be obtained.

Phenology

There are several model-specific categories pertaining to phenology.  Firstly, there is the timing of
budburst and leaf-fall in deciduous species, which clearly affects assimilation (CASTANEA,
GROMIT, SECRETS). Secondly, there is the post-winter recovery & onset of dormancy in autumn
which affect photosynthesis in coniferous species (BIOMASS, FINNFOR). Thirdly, allocation
coefficients may be assumed to be dependent on time of year (BIOMASS), or on phenology stage,
which depends on a temperature sum (CASTANEA and SECRETS).

(i) Timing of budburst and leaf fall
In CASTANEA, budburst and leaf fall depend on day-degrees and day duration.
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In SECRETS, budburst depends on day degrees and daylight period.  Leaf fall is determined from
the input data.

GROMIT uses a thermal time chilling/warming function to determine bud-burst. The end of the
growing season is defined to be when a 14-day moving average of the photosynthesis/respiration
ratio of the uppermost leaf layer in the canopy falls below a threshold level.

(ii) Onset of and recovery from winter dormancy in coniferous species
In BIOMASS, these effects are modelled as follows (where parameters are given in capitals):

i) Post-winter recovery of photosynthesis

For BIOMASS, the first date on which photosynthesis is possible is given by DAYPHO. On this
date, photosynthesis is reduced by the factor RECOV0. The recovery of photosynthesis from this
level is governed by a day-degree sum S, which is the sum of the average daily temperature for each
day. When S reaches DAYREC, the recovery of photosynthesis is complete. The day degree sum is
reduced, however, by frozen soil and by cold temperatures.

If the soil is frozen, the daily increase in S is reduced by the factor FROZEN. The date of soil
thawing is specified.

If the average daily temperature of the previous day, T-1, is less than TAV1, or the minimum daily
temperature, Tmin, is less than TMIN1, the daily increment in S is reduced. If T-1 falls to TAV2, or
Tmin falls to TMIN2, there is no increase in S for that day.  If Tmin falls below TMIN2, the day-
degree sum is decreased by a percentage which increases linearly from zero at TMIN2 to FROSTD
at TMIN3.

ii) Reduction of photosynthesis by autumn frost nights

At the end of the season, photosynthesis is reduced by a dormancy fraction which is 1 at the start of
autumn and is decreased whenever the minimum temperature falls below zero. The decrease in the
dormancy fraction is given by

FROSTP x Tmin/TMIN6 if Tmin > TMIN6 (12)
FROSTP if Tmin < TMIN6

The end of the growing season is indicated when the dormancy fraction falls to zero.

In FINNFOR, the year is divided into three main periods in terms of frost hardiness: susceptible,
hardening and hardened. The length of each period is determined by degree-day sums.

The start of the susceptible period is the day on which the following sum exceeds a pre-determined
value:
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where this sum is accumulated from the day following the end of the hardening period.  This date is
determined by the following degree-day sum:
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The end of the susceptible period is when the following expression exceeds a given value:

uLF 0088.0 FNJ += (15)

where NL is the night length and Fu is given above.

(iii) Phenology of allocation

Allocation of C to different parts of the tree may vary according to time of year. This is represented
most explicitly in BIOMASS, where the year is divided into 5 periods:

1. start of season - budburst: allocation all to storage;
2. budburst - completion of shoot elongation: allocation mostly to foliage;
3. completion of shoot elongation - cessation of above-ground growth: allocation to all parts of

the tree;
4. cessation of above-ground growth - end of season: allocation all to roots; and
5. non-growing season: all allocation to storage.

The time of budburst is determined by a day-degree sum, which is calculated as the sum of the
average daily temperature from the day on which photosynthesis is first possible (DAYPHO).  The
daily increment in the day-degree sum is reduced by low temperatures or frozen soil.  If the soil is
frozen (the date of thawing is specified) the increase in the day-degree sum is Tav x FROZEN.  If
Tmin is less than TMIN4, the increase in the day-degree sum is reduced; if Tmin is less than TMIN5,
the day-degree sum does not increase on that day.

The dates of completion of shoot elongation, cessation of above-ground growth, and the end of the
growing season, are all input parameters.

Similarly in CASTANEA, the year is divided into four main periods, with empirical allocation
fractions applying to each period. These periods are:

1. the 3 or 4 weeks after budburst - allocation to foliage;
2. period of root growth - allocation mostly to fine roots;
3. end of root growth until leaf fall - allocation to stem; and
4. leaf fall until next year’s budburst - allocation to storage.

With the exception of budburst and leaf fall, which are determined by day degrees and day duration,
the timing of these periods is specified.

In SECRETS, the year is divided into, essentially, four periods, with a hierarchical structure in the
relative allocation to tissue production.  These can be classified as:

1. allocation to labile storage prior to budburst and following budset (conifers);
2. period of foliage and fine root growth;
3. period of branch, coarse root, and leader elongation (after foliage and fine root growth is met);

and
4. period of cambium expansion.
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Stomatal conductance

The stomatal conductance submodels can be generally classified as Jarvis-type or Ball-Berry-type
models. Some models give a choice of stomatal conductance submodel (BIOMASS, MAESTRA).

(i) Jarvis-type models

The Jarvis-type models are generally of the form

g g f p f ps s n= max ( )... ( )1 (16)

where the functions f(p1) .. f(pn) describe the effects of n environmental variables. The models differ
in (i) which environmental variables are included and (ii) the form of the functions f, whether linear
or non-linear.

BIOMASS:

g f g

f f g e e e

f f g T T T

f g g f f f

s s s j s

s s s

s s s

s s s w w w

=

= − − −

=

=

Φ

Φ ∆ ∆ ∆

Φ

Φ

( , , , , )

( , , , , )

( , , , , )

( , , , , )

min

'
min

' ''
min min

''
max min

φ φ0

0 1

0 1

0 1

(17)

where

Φ( , , , , ) ( )y y x x x

y x x

y y y
x x
x x

x x x

y x x
1 0 0 1

0 0

0 1 0
0

1 0
0 1

1 1

=

<

+ −
−
−

≤ ≤

>

�
�
��

(18)

and φj is the incident radiation, -∆e is the water vapour deficit, Tmin is the minimum overnight
temperature, and fw is the fraction of available water. These are the four environmental factors
assumed to affect stomatal conductance.

MAESTRA, GROMIT:
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where a, g0 and ψp0 are constants, and Tl, Topt and Th are the minimum, optimum, and maximum
temperatures for stomatal conductance, respectively. Thus, the environmental variables considered
here are incident radiation, vapour pressure deficit, temperature and the pre-dawn xylem potential
(ψp). An empirical effect of atmospheric CO2 (for Sitka spruce) has also been incorporated.

FINNFOR:
Uses essentially the same model as BIOMASS; the environmental variables which are considered
are irradiance, soil temperature, soil water content, minimum overnight temperature and vapour
pressure deficit.

(ii) Ball-Berry model

The Ball-Berry model is incorporated in MAESTRA, GDAY, BIOMASS, CASTANEA,
CANOAK, and SECRETS. Stomatal conductance is given by
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where g0 and g1 are constants, A is the assimilation rate and hs the relative humidity. In
CASTANEA, the slope of the equation (g1) is assumed to decline linearly with decreasing soil
water availability.

Leaf energy balance

In most models it is assumed that leaf temperature = air temperature.

In CANOAK, leaf temperature is calculated by solving the surface energy balance equation

0)()( a
*
sseascn

4
s =−+−+− ρρλσε hkTTkQT (21)

where the first two terms give the net heat gain from radiation, the third term is the sensible heat
loss, and the final term is the latent heat loss. This equation is solved iteratively.

Transpiration

The submodels of transpiration vary considerably depending on the scale of the model, ranging
from a detailed diffusive model, through the Penman-Monteith equation, to a simple proportional
dependence on leaf to air VPD.

In CANOAK, the profile of water vapour concentration through the canopy is calculated using the
random-walk diffusion model.

MAESTRA, CASTANEA, BIOMASS, SECRETS, and GROMIT all use the Penman-Monteith
equation, although it is applied at the individual leaf level in MAESTRA, individual leaf layer in
GROMIT and at the canopy level in BIOMASS, SECRETS, and CASTANEA. Canopy
conductance is calculated by summing leaf conductance over the canopy. The boundary layer
conductance is an input parameter to BIOMASS and SECRETS, is calculated from wind speed and
leaf size in GROMIT and CASTANEA, and in MAESTRA it is a function of wind speed, air
temperature, and leaf size. In GROMIT, BIOMASS, and SECRETS the transpiration rate is reduced
if the canopy is wet.



131

In G’DAY, the transpiration rate is calculated simply as

gsc x D

where gsc is the canopy conductance to water vapour, calculated by applying the Ball-Berry model
at the canopy scale and D is the vapour pressure deficit.

Maintenance respiration

The important differences in the submodels of maintenance respiration are (i) whether the
maintenance respiration is expressed on a weight, surface area or nitrogen basis, and (ii) how the
response to temperature is modelled. Some models also include an inhibition of leaf dark respiration
in the light (MAESTRA, BIOMASS, FINNFOR, GROMIT).

(i) Basis for maintenance respiration rate

Respiration is modelled on a dry weight basis: for roots in BIOMASS, for all compartments in
GROMIT and SECRETS, and for stems, branches and roots in FINNFOR. To calculate woody
respiration on a dry weight basis it is necessary to know the fraction of wood that is actually
respiring. Sapwood is treated as a separate compartment in GROMIT, SECRETS and FINNFOR
and it is assumed that all the sapwood is respiring, although in GROMIT a proportion of actively
respiring sapwood may be defined.

Respiration is modelled on a surface area basis: for foliage and stem in CANOAK, for foliage in
MAESTRA, for foliage, stem and branches in BIOMASS, and for foliage in FINNFOR. The foliage
area is known from the leaf area index.  In CANOAK, the woody surface area index is specified in
five canopy layers. In BIOMASS, the stem and branch surface area is calculated using allometric
relationships with dry mass:
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where a, b, c and d are allometric coefficients, s is the stocking, and nb the number of branches per
tree.

Respiration is modelled on a nitrogen basis for foliage, stem and branches in BIOMASS, for foliage
in MAESTRA (note that MAESTRA and BIOMASS give the option of area basis or N basis), and
for all plant components in CASTANEA. The N content must be known; in MAESTRA,
BIOMASS and CASTANEA the plant N content is specified, in the other models it is calculated
from N cycling. In CASTANEA, there is also an effect of the content of other minerals on
respiration rate.

(ii) Temperature dependence of maintenance respiration

Most of the models use an exponential (Q10) or modified exponential relationship.
CANOAK, MAESTRA, BIOMASS, GROMIT, SECRETS, and CASTANEA use an exponential
relationship between respiration rate & temperature:

R T R r T( ) ( ) exp( )= 0 (23)
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where R(0) is the respiration rate at 0 °C and r is the rate of increase of respiration with temperature
(r = ln(Q10)/10).

In FINNFOR, the Q10 depends on temperature according to

)0,03071.0574016.2max()(10 TTQ −= . (24)

Growth respiration

In most cases, it is assumed that growth respiration is a constant fraction of net assimilation. In
CASTANEA, the growth respiration depends on the biochemical composition of the tissue.
In GDAY, it is assumed that total respiration (growth + maintenance) is proportional to GPP.  In
SECRETS, tissue production multiplied by tissue-specific constants determines growth respiration.

Allocation

The models take several different approaches to allocation, which can be broadly classified into
empirical or mechanistic submodels.

(i) Empirical approaches

The simplest approach is to have constant allocation coefficients (FINNFOR). An elaboration of
this approach is to have allocation coefficients which vary with the time of year.  In SECRETS,
proportional allocation depends on leaf phenology and leaf litter-fall.  A simple empirical model,
initiated at bud break, determines the relative allocation between shoot elongation and height
growth (early year) versus cambium expansion.  Day length acts as surrogate for the date of first
frost, signalling and end to active growth and the partitioning of all C to storage.  In BIOMASS,
different allocation coefficients can be specified for each month.  Another option in BIOMASS is to
divide the year into five main phenological periods (see Phenology section). Under this scheme,
allocation coefficients need only be specified for period 2, from budburst to the end of shoot
elongation, and for period 3, to the cessation of above-ground growth. A similar scheme applies in
CASTANEA (see Phenology section).

A development of the constant allocation coefficients model is to assume that the allocation
coefficients are linearly related to the leaf [N] (BIOMASS, G’DAY): allocation to foliage and stem
is positively related to leaf [N] whereas root allocation is negatively related to [N].

(ii) Mechanistic approaches

In GROMIT, the pipe-model is used to model the allocation between foliage and stem. The
production of new sapwood area is proportional to the production of new foliage dry mass. This is
so for branches, stem and coarse roots, although the proportionality constant may vary for each
case. The turnover of sapwood (into heartwood) is proportional to the mass of sapwood (see
Litterfall). It is also necessary to specify a constraint on height or length of woody components.
Stem height growth is constrained by assuming that foliage has a constant density, and the crown a
specified shape (cone). The length of branches is constrained by assuming a constant density of
branches within the crown and a given height for the mean branch length. The length of coarse roots
is constrained by a fixed ratio between the mean coarse root length and the crown radius.
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Litterfall

There is close to complete agreement on the modelling approach. It is generally assumed that litter
losses are proportional to compartment weight. In some models, foliage is divided into age classes
& the rate of litterfall of each age class is specified (GROMIT, FINNFOR).

Nitrogen Uptake

In G’DAY it is assumed that all available mineral N is taken up by the plant.  The model SECRETS
uses tissue N concentration, as an input, and C allocation to each tissue to determine N use and,
subsequently, N uptake.  In FINNFOR, the N uptake is taken to be to be the minimum of: the
available mineral N; the maximum usable N (maximum N contents are specified for each tissue),
and a function depending on root biomass, R, and soil N content Nsoil

soilNRU Nσ= (25)

where σN is the root specific activity.

Nitrogen Allocation within the Plant

In those models with no nutrient cycling, the tissue [N]s must be specified directly. The models
which include nutrient cycling assume that [N]s of the other tissues are proportional, or linearly
related to, the foliage [N].

In G’DAY, a constant fraction of tissue N is retranslocated before senescence. In FINNFOR, the N
concentration of litter is specified, so if foliage N concentration exceeds this, there is
retranslocation.  In SECRETS, N allocation depends on tissue N concentration and C allocation;
retranslocation is determined implicitly from the difference between tissue N and litter-fall N.

Nitrogen Cycling and Soil Decomposition

The approaches to soil decomposition vary in completeness.

CANOAK uses a simple model of soil respiration, which depends on soil temperature, the coarse
fraction of soil, and the soil water content, to simulate CO2 release from the forest floor. A
numerical model is also used to calculate heat and water vapour flux densities in the litter layer.

In FINNFOR, organic soil is divided into litter cohorts and humus. CO2 is lost from the litter
cohorts and N immobilised according to constant fractions until the litter N:C reaches a critical ratio
whereupon the litter becomes humus. Humus decomposes at a rate which depends in the N
mineralisation rate and the actual annual evapotranspiration.

G’DAY uses a modified version of the CENTURY soil model.

SECRETS uses a modification of the GRASSLAND DYNAMICS soil model for those patches
where parameterisation is possible, and a simple model of soil respiration which depends on soil
temperature and litter-fall N concentration for all other patches.

Water Balance

The bucket model is generally used. The models differ in the number of soil layers assumed, which
terms are included as water losses, and how canopy interception is calculated.
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The number of soil layers is assumed to be two in BIOMASS, three in CASTANEA and GROMIT,
and it is variable in FINNFOR.

The change in total soil water balance over a time step (hourly or daily) is given by:

BIOMASS: Precipn - Intercepn - Transpirn - Understory Evapn - Drainage
CASTANEA: Precipn - Intercepn – Canopy Evapn – Stem Evapn – Understory Evapn - Transpirn -
Drainage
GROMIT: Precipn – Intercepn - Transpirn – Drainage
SECRETS: Precipn - Intercepn - Transpirn - Understory Transpirn - Understory Evapn - Drainage

The calculation of canopy interception varies between the models as follows.

In BIOMASS, SECRETS and CASTANEA, interception is taken as the minimum of maximum
interception (which is proportional to LAI), maximum evaporation (which is determined from the
Penman-Monteith equation), and precipitation. The maximum understory interception is specified
except for SECRETS where understory interception depends on understory LAI.

In GROMIT, foliage has a defined holding capacity. Precipitation firstly fills the holding capacity
of the uppermost layer, then the next etc., when the canopy is saturated, throughfall goes directly to
the soil. Evaporation of water from each leaf layer follows Penman-Monteith. The tree is only
permitted to withdraw water from the first soil ‘bucket’, which is replenished by precipitation and
diffusion from the other ‘buckets’.
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CHAPTER 7
SHORT-TERM MODELLING OF FOREST STANDS.

Tim Randle, Mark Broadmeadow, Giorgio Matteucci, Roddy Dewar, Reinhart
Ceulemans, Belinda Medlyn, David Sampson, Seppo Kellomaki, Eric Dufrene,

Johan Bergh, Ross McMurtrie, Giuseppe Scarascia Mugnozza.

7.1 Introduction

Following the large amount of experimental work on tree responses to elevated CO2 done under the
EPOCH programme (1990-1992) and the first three years of the ECOCRAFT project (1993-1996),
the aim of the follow-up ECOCRAFT project (1996-1998) was to scale up the measured
experimental responses of forest trees under a doubled [CO2] atmosphere to relevant forest
ecosystems of Europe.

Within this framework, the experimental results gathered on the processes relevant for forest gas
exchange and production (photosynthesis, respiration, transpiration, carbon allocation, etc.) were
utilised to parameterise simulation models at the canopy and stand scales, that, in turn, have been
used to infer forest ecosystem responses to changed climate and [CO2] through annual (this
Chapter) and forest rotation cycles (Chapter 8).

After parameterisation, the models have been tested and validated in the current climate, utilising
carbon and water flux data measured on several European forest ecosystems by the EUROFLUX
project.  The models, parameterised and validated, have then been used to simulate forest responses
to the predicted, changed climate and [CO2].

As the experimental work was done with a doubling of the CO2 concentrations (Jarvis, 1999), we
have examined the effects of climate change for a time when [CO2] is anticipated to be 700 µmol
mol-1 (the year 2070-2100) using the outputs of the Hadley Centre Global Circulation Model
HadCM2 to define the climate.  HadCM2 has a spatial resolution of 2.5° x 3.75° (latitude by
longitude) and the representation leads to a grid box resolution of 96 x 73 grid cells.  This produces
a surface spatial resolution of about 417 km x 278 km reducing to 295 x 278 km at 45 degrees
North and South.  The relevant climate change scenarios have been obtained through the IPCC data
distribution centre (http://ipcc-ddc.cru.uea.ac.uk/cru_data/cru_index.html).  For most of the sites
(see Chapter 2), the simulations were done separately for doubled [CO2], changed climate
(predominantly temperature) and the two factors together.  We have used a scenario with a 1% Pa
increase in CO2 with sulphate aerosols taken into account. Some of the sites have used two fixed
scenarios of temperature (+2 and +4 °C) and two scenarios with a doubling of [CO2], either alone or
with a concurrent 2 °C increase in air temperature.

Simulations have been made for stands of some of the main European coniferous (Pinus sylvestris,
Picea abies) and deciduous (Quercus robur, Fagus sylvatica) forest tree species.
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7.2 Modelling Scots Pine in Belgium

7.2.1 Description of the SECRETS model

7.2.1.1 Model overview

The process model used here (SECRETS; Stand to Ecosystem CaRbon and EvapoTranspiration
Simulator) was developed by combining several process sub-modules from a variety of sources.
The model is summarised in Figure 7.1, and a brief description follows, with further details given in
the Appendix to Chapter 6.

Figure 7.1 Schematic representation of the SECRETS process based model.

The internal structure for SECRETS is based on a modified version of the process model,
BIOMASS (McMurtrie and Landsberg, 1992), as adapted by Sampson et al. (1996), including site
specific adjustments to the water balance and maintenance respiration components.  The sun/shade
photosynthesis module (de Pury and Farquhar, 1997), based on the Farquhar biochemical
photosynthesis model (Farquhar et al., 1980) was also incorporated as both single and multi-layer
formulations. Soil carbon and nitrogen cycling is represented by the surface and soil modules of the
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Grassland Dynamics simulation model (Thornley, 1998) and input parameters for the specific
simulations made here may be found in Sampson and Ceulemans (1999). SECRETS was written in
Digital, visual Fortran 95 and runs on a daily time step, except for photosynthesis which runs on an
hourly (or user defined) time step.

7.2.1.2  Carbon budgeting and allocation

Carbon allocation in SECRETS is simulated using a modification of the C allocation scheme found
in the Frankfurt Biosphere model (Ludeke et al., 1994).  This approach relies on allometric
relationships between foliage, fine roots, and woody tissue components.  Leaf area index (LAI) is
input directly into the model, and this approach provides good estimates of absorbed
photosynthetically active radiation (PAR) and, therefore, ecosystem photosynthesis. For woody
dicotyledonous species, this simplified carbon allocation approach hierarchically partitions
simulated daily available net assimilate to foliage, fine roots and woody tissue according to
empirical data (allocation to foliage > fine roots > woody tissue).  If available net assimilate is zero
during the growing season, then allocation is from a labile storage pool. Daily foliage production is
increased by a factor which corrects for underestimates in LAI resulting from concurrent foliage
senescence (Van Hees and Bartelink, 1993). This approach was adopted because empirical estimates
of foliage litter fall from two consecutive years (Janssens et al., 1999a) suggested a higher value for
foliage production compared with the estimates made using a Li-Cor LAI-2000 Plant Canopy
Analyzer (Li-Cor, Lincoln, NE, USA) that are used as input to the model. This correction factor is
equivalent to an increase in foliage production of one LAI unit per year.

Mass balance is assumed in the model and thus labile carbon storage is assumed to have the same
value at the beginning and end of the growing season.  This mass balance (for 1997 data) was
achieved by introducing allocation modifiers which increase carbon storage when it falls below
defined limits.  These defined limits are species and patch specific and only come into effect after
initiation of stem, branch, and coarse root production.  The values are estimated as a percentage of
the initial labile carbon storage, and derived from repeated runs. Using this approach, carbon was
‘conserved’ to approximately 0.01 g C m-2 a-1.

‘Sapwood efficiency’ was introduced as a factor reducing ‘effective’ sapwood contribution to stem,
branch and coarse root maintenance respiration.  This factor was required because estimates of stem
maintenance respiration (Rm) from total sapwood area were unrealistically high, based on literature
values for basal respiration rates (Ryan et al., 1994). Empirical mensuration data (and thus
productivity) together with allocation from destructive sampling, led to high confidence in biomass
partitioning. The sapwood efficiency term was then adjusted to bring net canopy assimilation
(NETp) to roughly 40% of gross primary productivity (GPP), with net canopy assimilation defined
here as GPP minus RM, minus fine root exudates, and represents the net carbon available for
allocation.

Fine root sloughing is assumed to be proportional to foliage litter fall.  However, the model assumes
a steady state fine root biomass (in annual terms) and, therefore, a factor to adjust daily values to
force final fine root biomass to initial fine root biomass was required.  Tissue construction
respiration (RC) fractions are from Chung and Barnes (1977) while carbon storage is assumed to be
proportional to standing biomass (5% of standing stem biomass, and 12% of initial foliage and fine
root biomass).
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7.2.1.2 Equilibrium simulations

Equilibrium simulations were necessary to stabilise the soil carbon and nitrogen pools.
Accordingly, the procedure for quasi-equilibrium was as follows.  First, the meteorological data
from 1997 were duplicated to create data sets for a 100-year simulation.  Second, steady state LAI
was used, with the seasonal pattern in LAI observed for 1997 conserved, and used for each annual
simulation.  For these imposed conditions, an initial estimate of carbon in each of the three soil
organic matter (SOM) pools for each patch was obtained.  This was achieved by multiplying the
relative proportion of carbon in the three pools (from Thornley, 1998) with a site-specific estimate
of total soil carbon for a Scots pine stand without understorey vegetation.  Initial soil microbial
biomass was assumed to be 0.1% of total soil carbon.  An estimate of soil nitrogen (N) in nitrate and
ammonium pools was available for the site.  Where no additional information was available, the rate
variables were assumed identical to those used by Thornley (1998).  Simulations were then run for a
period of 100 years which was assumed sufficient time for the unprotected SOM (active) pool to
equilibrate (see Thornley, 1998).  The pool estimates for each of the soil state variables at the end of
the 100 year simulation were used to re-parameterise the model for the test simulations presented
here.

7.2.1.4 Simulation protocol

The model simulates up to ten individual ecosystem patches sequentially (at a user defined time
step), with the daily output reflecting the area-weighted proportion of each patch within a defined
ecosystem simulation (referred to as the combined run).  On-site climate data were also available for
this analysis.  A description of the climate data for 1997 used in the simulations can be found in
Overloop and Roskams (1998).

Equilibrium simulations were done for each individual patch, and also for the combined run, by
replicating 1997 meteorological data to run simulations for 100 years, with the first year output used
for the estimates of net canopy assimilation (NETp) and the 100th year output used for the estimates
of soil heterotrophic respiration.  Simulations examined include: (1) gross primary productivity
(GPP); (2) net canopy assimilation (NETp), defined as assimilate available for allocation, tissue
production and construction respiration (RC); (3) soil heterotrophic respiration (RH); (4) net
ecosystem exchange (NEE = NETp - RH ); and (5) total ecosystem respiration.  Carbon uptake rates
are presented as positive fluxes while respiratory carbon releases are presented as negative fluxes,
except when micrometeorological flux data are presented, when the reverse convention may apply.
The daily carbon fluxes shown are from the individual patch equilibrium runs and, as such, the
fluxes depicted are not area-weighted with respect to each patch occurrence within the hypothetical
ecosystem.  The magnitude of the summed fluxes on a daily or yearly basis would be larger than
those of the combined run.

The scenarios used for the future climate simulations are those from the HadCM2 climate
predictions for the Brasschaat site.

7.2.3 Results: application of the SECRETS model for short-term modelling of forest stands.

The SECRETS model has been validated by comparing simulated NEE with measured eddy
covariance fluxes for 1997 and 1998 (see Figure 7.2).  A strong correlation is observed between the
modelled and measured NEE exchange for both years, although SECRETS underestimated
photosynthetic uptake in both cases.
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Figure 7.2.Validation of the SECRETS-model.  Simulated versus measured net ecosystem CO2 exchange (NEE) for the
heterogeneous Scots pine forest stand in Brasschaat (Belgium) for the years 1997 and 1998.  Simulated NEE
was obtained by using the SECRETS-model for various patches of the stand containing different species.
Measured NEE was obtained from eddy-covariance flux measurements above the forest stand (part of the
EUROFLUX research network).

Figure 7.3 clearly demonstrates seasonal variation in carbon exchange, with photosynthetic uptake
during the summer and respiratory CO2 efflux during the winter.  Measured and modelled carbon
exchanges show good agreement, with only minor differences between the simulated and measured
NEE values.  There was, however, some missing data in the early summer of both years.

Annual assimilation for various patch types for both 1997 and 1998 is shown in Figure 7.4.  Each
patch type is also shown as both gross (GPP) and net (NETp) primary productivity.  The patch types
include Scots pine (PiSy), Scots pine with Molinia understorey (PiSy/MoCa) and Molinia grassland
(MoCa). Other patch types are also shown, but they are not discussed in this report.
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Figure 7.3. Net CO2 exchanges of the heterogeneous Scots pine forest in Brasschaat (Belgium) during the course of the
years 1997 (top panel) and 1998 (bottom panel) simulated (by the SECRETS-simulation model) and
measured (by eddy covariance flux measurements).

Figure 7.4: Carbon assimilation (Mg C ha-1 a-1) of various forest patches in the heterogeneous forest of Brasschaat
(Belgium) in 1997 (top panel) and 1998 (bottom panel).  The different overstorey and understorey species of
each patch have been indicated by their abbreviated genus and species names.  For each patch the left bars
(grey colour) illustrate the gross carbon assimilation while the right bars (black colour) illustrate the net
carbon assimilation.  All values are the output of the SECRETS model.
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The simulated GPP and NETp for the ecosystem consisting of the three patch types (Scots pine,
Scots pine with Molinia understorey, and Molinia grassland) for 1997 were 19.7 and 5.9 Mg C ha-1

a-1, respectively, and thus autotrophic respiration accounted for 70 % of GPP in these simulations.
The contribution of soil heterotrophic respiration (RH) to NEE was 7.23 Mg C ha-1 a-1.  Simulated
NEE was close to 3 Mg C ha-1 a-1, although uncertainty in the simulations for NEE ranged from
2.22 to 3.93 Mg C ha-1 a-1 for the 1997 calendar year.

The model has also been used to simulate a changed climatic scenario (elevated [CO2] and
increased air temperature) and compared with current ambient conditions.  Scenarios from the
HadCM2 climate experiment for the relevant grid square were used.  The absolute values of the
predictions of NEE and the difference between the scenarios is shown in Figure 7.5.

Figure 7.5: Simulated effect of elevated CO2 and temperature on net ecosystem exchange (NEE) of the heterogeneous
Scots pine forest at Brasschaat (Belgium).  The top panel shows the difference in NEE between the current
ambient conditions and the changed climate scenario (elevated CO2 and increased temperature as defined by
the Hadley Centre conditions).  The bottom panel shows the absolute values of NEE during the current
ambient conditions and in changed climatic conditions (NEE climate scenario).

Over much of the year there is a strong positive response of CO2 uptake to the future climate
scenario, although winter respiration losses are slightly higher as a result of higher temperatures.
The simulation with current climate yields an annual NEE value of 3.48 Mg C ha-1 a-1, while the
future scenario is predicted to give a value of 7.27 Mg C ha-1 a-1, representing an increase of 110%.
Total annual transpiration amounted to 488 mm, and showed minimal change between the climate
and CO2 change scenarios (Figure 7.6).
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Figure 7.6 Simulated effect of elevated [CO2] and temperature on the water flux of the heterogeneous Scots pine forest
at Brasschaat (Belgium).  The full line illustrates the simulated water flux in current ambient conditions, while
the dashed line shows the simulated water flux under changed climatic conditions (elevated [CO2] and
increased temperature).

7.2.4 Conclusions

The patch model, SECTRETS, which simulates fluxes from the individual vegetation types present
within the ecosystem, performs well when throughput is compared to annual flux measurements.
This gives good confidence when scaling up these short- to medium-term fluxes to long term
growth, since this model does assess the contribution of all the vegetation to the ecosystem fluxes.
When the climate change scenario was applied to the simulations, NEE increased by 110%,
although there was minimal change to the annual water flux, which is at odds with simulation
outputs from other models (but see also Chapter 8).

7.3 Modelling Short-term Responses to Elevated Temperature of Boreal Norway Spruce

7.3.1 Responses in a Boreal climate

To be able to predict reliably how global warming might affect productivity in boreal coniferous
forests, certain temperature-dependent processes must be considered.  Such processes include soil
freezing, soil nutrient availability, phenology, seasonality of photosynthetic capacity and respiration.
To simulate the annual course of photosynthesis, some of these effects, such as soil frost, phenology
and seasonal changes in photosynthetic capacity, have been incorporated into the process-based
growth model, BIOMASS (Bergh el al. 1998).  In Boreal conditions, modelling soil responses when
the soil may be frozen, is crucial.  For these simulations, the model SOIL (Jansson and Halldin,
1980) provides an assessment of such effects.

7.3.2 Simulations

Simulations of annual net primary production (NPP) in the current climate were made for
unfertilised control (C) stands and irrigated-fertilised (IL) stands, using seven years’ (1990-1996)
climate data from Flakaliden (See Chapter 2).  A comparison of outputs from the reference
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simulation (current climate) together with simulation results from two climate change scenarios
(Table 7.1) show possible effects of climate change on growth in this Boreal forest.

Table 7.1 Monthly temperature increases used in the simulations of the +2 ºC and +4 ºC global warming scenarios.  The
values shown were added to each measured monthly mean temperature.  For further explanations, see text

+2oC Scenario:
Monthly Temperature

Increase ( oC)

+4oC Scenario:
Monthly Temperature

Increase ( oC)
Month
January +3 +6
February +3 +6
March +2.5 +5
April +2 +4
May +1.5 +3
June +1 +2
July +1 +2
August +1 +2
September +1.5 +3
October +2 +4
November +2.5 +5
December +3 +6

7.3.3  Results: Simulations of climate change responses of Norway spruce

The SOIL model (Jansson and Halldin, 1980) enabled the prediction of earlier soil thawing (as an
effect of increased air temperature).  Simulations of soil thawing using the SOIL model predicted
three and seven weeks’ advancement of soil thawing for the +2 ºC and +4 ºC scenarios,
respectively.  The predictions made for the climate change scenarios include effects of earlier bud-
burst, expressed in BIOMASS by changing the development of leaf area at the beginning of the
growing season.  No temperature acclimation of photosynthesis was assumed, and the same
temperature response curve of photosynthesis was used throughout the year.  A 15 oC temperature
optimum for photosynthesis was assumed.  These assumptions may have introduced minor errors
into the estimates of seasonal photosynthesis and NPP, but are unlikely to have major effects on the
outcome of the simulations presented.  Figure 7.7. shows the simulation of NPP for the current
climate, the +2 ºC, and the +4 ºC scenarios.

The balance between photosynthesis of foliage and total respiration of trees changed considerably
during the season between the current, +2 ºC and +4 ºC scenario.  As a result of the physiological
and climatic constraints to photosynthesis, the balance was negative in winter, when maintenance
respiration exceeded photosynthesis.  The balance became positive in spring, when daily mean air
temperature rose above 0 °C, with subsequent snow-melt, soil thawing and recovery of
photosynthesis.  As a result, the summer months show a large, positive carbon gain, while in the
autumn, the net carbon gain decreased because of the effects of severe night frost and low PFD.
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Figure 7.7  Simulations of the annual course of net primary production for current climate (solid line), +2 °C (dotted
line) and +4 °C scenario (solid line), respectively.  Simulations were made with the boreal version of
BIOMASS.  For further explanations, see text.

In the +2 ºC scenario, NPP increased by 17.2% for the control (C) and 18.2% for the irrigated-
fertilised (IL) treatment.  Corresponding values were 18.2% and 17.8%, respectively, for the +4 ºC
scenario (Table 7.2).  Differences in the response between the +2 ºC and +4 ºC scenarios thus
appeared to be small when calculated on an annual basis.  A more detailed analysis of the seasonal
patterns, however, revealed pronounced differences between the scenarios (Figure 7.8).

The most substantial increase in NPP originated from the period of spring recovery (Table 7.2),
when the +2 ºC scenario increased estimated production in spring by 15.7 and 17.1% for (C) and
(IL), respectively.  The (IL) stand, with a larger standing biomass, had relatively higher respiration
rates and used a larger percentage of GPP for respiration, especially during summer.
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Table 7.2 Predicted changes in net primary production (NPP) in control (C) and irrigated-fertilised (IL) stands of young
Norway spruce using two different temperature scenarios (+2 °C, +4 °C).  Values of NPP are means for seven
calendar years, 1990-1996.  The changes, in relation to the reference simulations (current climate), are given
within brackets.  For further explanations, see text.

Estimated NPP (kg C ha-1 a-1)
C IL

NPP % NPP %
1) Reference
simulation

3001 (100) 6838 (100)

+2 ºC scenario
2) Winter -128 (-4.2) -349 (-5.1)
3) Spring 471 (15.7) 1169 (17.1)
4) Summer 74 (2.5) 201 (2.9)
5) Autumn 97 (3.2) 201 (3.3)
Sum (1+(2+3+4+5)): 3515 (117.2) 8085 (118.2)

+4 ºC scenario
2) Winter -208 (-6.9) -568 (-8.3)
3) Spring 893 (29.8) 2161 (31.6)
4) Summer -248 (-8.3) -632 (-9.2)
5) Autumn 109 (3.6) 253 (3.7)
Sum (1+(2+3+4+5)): 3547 (118.2) 8052 (117.8)

In the +4 ºC scenario simulations, there is a pronounced (30–32%) increase in NPP during the
recovery period.  The main reason for the large NPP response was the earlier and more rapid
recovery of photosynthetic capacity in spring (Figure 7.8).  This recovery enabled the canopy to use
absorbed light more efficiently in April and May.  The earlier date of soil thawing also made it
possible for the recovery of photosynthetic capacity to begin earlier in spring, and this contributed 4
– 7% of the increase in NPP.  Earlier bud-burst had only a minor effect on NPP, with an increase of
1 – 2%.

Figure 7.8  The effect of global warming, in relation to current climate, on the seasonal course of net primary production
for Norway spruce at Flakaliden.  Simulations were performed with the boreal version of BIOMASS and the
scenarios were: +2 °C (dotted line) and +4 °C (solid line), respectively.  For further explanations, see text.
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Increased temperature delayed the first night frosts in autumn and reduced their frequency and
severity.  This resulted in a later and slower decline of photosynthetic capacity, as well as of NPP
(Figure 7.8) during autumn, which increased the annual NPP by 3 – 4% in both scenarios (Table
7.2).  The low solar irradiance in October and November largely explains the moderate effect on
NPP.

Increased temperature caused an increase in respiration rates of the various tree components
throughout the year, and this agrees with earlier reports (Ryan et al., 1994, 1996a; Stockfors, 1997).
The resulting increase in respiration costs reduces NPP during late autumn, winter and early spring.
The scenario with the largest temperature effect (+4 ºC) shows a more pronounced response (Table
7.2).  In the +2 ºC scenario, increased respiration and increased photosynthetic rates counterbalance
each other during summer.  Correspondingly, a decrease in NPP occurs in the +4 ºC scenario (Table
7.2).  The decrease in the latter case results not only from increased respiration, but also from
temperatures being supra-optimal for photosynthesis in the +4 ºC scenario.

7.3.4  Conclusions

For the boreal forest stand modelled here, the annual ecosystem carbon exchange is predicted to
increase by 18% for ambient temperature increases of 2 oC  and 4 oC.  These increases result largely
from advancement of the onset of the growing season as a direct result of the soil thawing, which
allows increased utilisation of solar radiation in April and May.  The fact that this increase was the
same for both the 2 oC  and 4 oC is a function of the balance between increase in photosynthetic
carbon assimilation (as described above), and increase in maintenance respiration resulting from
higher temperatures.  It should be borne in mind that these values reflect only the ecosystem
response to rising temperature, and do not address the predicted rise in atmospheric carbon dioxide
concentrations.

7.4 Modelling Pedunculate Oak in Southern England

7.4.1 Model description - Overview of GROMIT

The model used for the simulations of pedunculate oak (Quercus robur) in southern England is the
process model, GROMIT (Ludlow and Randle, 1990; Randle and Ludlow, 1998).  The model has
been adapted to deal with broad-leaved species in addition to coniferous trees.  The model has two
modules within its structure: an assimilation sub-model, and a growth component.  The growth
component uses outputs from the assimilation module.  For the simulations in this chapter of short-
term modelling of forest stands, the growth element is not used, with all outputs derived from the
assimilation module.  A brief overview is presented here with further details presented elsewhere
(Chapters 6 and 8).

The canopy (in the assimilation module) is defined in terms of the number of layers of foliage (or
leaf area index).  The canopy of a tree can be split into ‘shells’, each having individual physiological
parameters.  The photosynthesis algorithm in GROMIT uses the ECOCRAFT standardised
formulation (Farquhar and Von Caemmerer, 1982; Von Caemmerer et al., 1994; de Pury and
Farquhar 1997).  Furthermore, each ‘shell’ may contain any number of layers of foliage.
Assimilation is calculated on a layer by layer basis, progressively down the crown.  For each layer,
account is taken of the proportion of foliage which is directly sunlit, and that which receives diffuse
light only.  These are aspects which change not only within the crown, but also as the azimuth angle
of the sun changes through the day.  Global radiation is partitioned into beam (direct) and diffuse
light, with the proportions of each calculated following Spitters (1986).  Calculations of assimilation
are made on an hourly basis.
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Respiration values are based on an exponential relationship with temperature (equivalent to Q10)
and rates are calculated on a whole-system basis and for foliage on its own.  The whole system
value is used for all instances when foliage is present, and this value minus that attributable to
foliage only, at all other times of the year.  The presence or absence of foliage is controlled by a
simple on/off switch - such that foliage is assumed to be absent until bud-burst, then complete until
autumn senescence, when foliage again becomes absent.  Further development of the model is
continuing, and will permit the definition of several physiologically distinct periods of the year.
This will allow changing rates of photosynthesis and respiration (resulting from phenological
development) though the year.  The date of bud-burst is determined by a thermal time-chill model
(with day-length modifier), based on Hanninen (1990).  Autumn senescence is assumed to occur
when a 14 day moving average of the ratio of photosynthesis of the uppermost layer of foliage and
the respiration rate of the foliage falls below a threshold value.  This approach to autumn senescence
results in its timing generally being a product of day-length and temperature, although responses to
drought are also possible.

Stomatal conductance is based on the Jarvis (1976) model, with responses to light, temperature,
soil-moisture, humidity and carbon dioxide concentration.  A simple three-horizon model simulates
the effects of soil moisture.  Soil is assumed to be saturated at the start of the season (bud-burst) and
uptake of water from the soil is only permitted from the first layer, which may be replenished by
diffusion from the neighboring horizon or throughfall of precipitation.  Evapo-transpiration is
considered as two components: evaporation from wet foliage and transpiration from dry foliage

7.4.2 Simulations of pedunculate oak

The stand which is simulated in this report is one of pedunculate oak in southern England (51o 9’N
52’W).  The stand, planted in 1935, simulated represents a typical yield class 6, based on forestry
management tables (Edwards and Christie, 1981).  The leaf area index for the canopy (close to
where eddy-covariance flux measurements are made) is 4.9 (see Chapter 2).  It is assumed that there
is no understorey.  Each scenario was run for four different years to allow calculation of an average
which would lessen any extreme effects should one year be particularly unrepresentative of
conditions normally found at the site.  Data from 1995-1998, inclusive, provided the input
meteorological data.

Four climate scenarios were used:

1. current climate and carbon dioxide concentrations;
2. assumed elevated carbon dioxide concentrations (of 700 µmol mol-1), with current

meteorological conditions;
3. changes in meteorological conditions predicted by the Hadley Centre HadCM2 Global

Circulation Model for a time when [CO2] is anticipated to be approximately 700 µmol mol-1

(2080s), but with [CO2] set at present-day values; and
4. meteorological conditions from the HadCM2 GCM predictions (as 3 above) but with [CO2] set

to 700 µmol mol-1.

The changes in meteorological conditions predicted for the time when carbon dioxide is assumed to
be 700 µmol mol-1 (in the 2080s) are given in more detail in the description of the long-term
simulation results for this model (Chapter 8).  Table 7.3 summarises the important aspects of the
interpolted climate change effects for the site.
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Table 7.3 Key monthly changes in climate, applied to the model, for the period when carbon dioxide levels are
estimated to be at 700 µmol mol-1.  The site is in Southern England (51o 9’N 52’W)

Temperature
change (oC)

Rainfall change
(% per month)

Windspeed
change (m s-1)

Vapour Pressure
change (hPa)

January 2.52 31 -0.17 1.62
February 2.89 16 -0.02 1.79
March 2.19 1 -0.19 1.39
April 1.99 14 0.04 1.34
May 2.11 15 0.01 1.64
June 1.70 11 -0.04 1.63
July 2.85 -23 -0.02 2.47
August 3.26 -32 0.02 1.93
September 2.83 -13 -0.04 1.70
October 2.51 8 -0.04 1.89
November 2.88 33 0.34 2.06
December 2.47 29 0.07 1.63

Parameters for the model were taken from the database developed during the project (Chapter 3;
Medlyn and Jarvis, 1999).  Whole system respiration was derived from experimental flux data with
a value of 4170 nmol CO2 m-2 s-1 at 15 oC and a Q10 of 2.28.  In scenarios for future conditions,
based on experimental evidence, it was assumed that there is no acclimation of photosynthesis and
respiration to higher [CO2], with the exception of an effect on stomatal conductance.  The leaf area
index is held constant at 4.9 for all scenarios, although this value may change in response to rising
carbon dioxide concentrations (Ceulemans and Mousseau, 1995; Chapter 9), an effect, which only
becomes apparent in simulations of growth.  Likewise, it is assumed that the respiration rate
remains constant, an aspect that is likely to change should the biomass of each structural
compartment change.

7.4.3 Results

The model predicts  annual net primary productivity (NPP) of 3368 kg C ha-1 a-1, and this agrees
well with CO2 flux estimates of 3615 kg C ha-1 a-1  for 1998-1999 (data not shown). Enhanced
[CO2] increases productivity significantly, while a change in meteorological conditions to those that
may be expected in the 2080s reduces productivity.  An increase in temperature increases the
respiratory costs of the living tissue.  The effect of a rise in the optimal temperature of
photosynthesis, resulting from increasing [CO2] (Stitt, 1991), is a function of the model of Farquhar
et al., (1980).  As much of the growing season is currently at or around the optimal photosynthetic
temperature, this balance will be maintained if both carbon dioxide concentrations and temperature
rise.  Photosynthetic CO2 assimilation increased because of the onset of earlier bud-burst, but this
was more than outweighed by respiratory costs.  Table 7.4 shows annual net primary productivity
(NPP) for the different scenarios.

Table 7.4 Annual simulated net primary productivity (NPP) of pedunculate oak, southern England under four scenarios
of meteorological and carbon dioxide conditions.  Simulations are from the model, GROMIT.  Predicted
values are averages of simulations for four years of different weather.

Meteorological
conditions

[CO2] (µmol mol-1) Predicted NPP
(kg C ha-1 a -1)

% Change in NPP

Current 360 3368 (0.0)
Current 700 7031 (+108.8)
2080s 360 1087 (-67.7)
2080s 700 5310 (57.7)
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Changing the meteorological conditions to those expected in the 2080s advanced the date of bud-
burst by approximately 14 days.  Such a change had little effect on the simulated timing of
senescence with the respiratory costs balancing increased photosynthetic production.  Elevated
carbon dioxide concentration had no effect on the simulated date of bud-burst.  This result was
expected since bud-burst is based on a thermal-chill-daylength model, although there is some
experimental evidence that [CO2] may have an effect on phenological development (Murray et al.,
1994).  Increased [CO2] had little effect on the timing of the end of the growing season with only a
small extension seen in scenario 2, an effect which is offset by increased respiratory costs in
scenario 4.  This limited effect is because photosynthetic rates are generally low at this time of year,
and thus any increase in photosynthesis resulting from elevated carbon dioxide concentrations is
small.

The combined rise in carbon dioxide concentration and a change in meteorological conditions to
those of the 2080s resulted in a 57.8% increase in NPP (Table 4), with much of the enhanced
assimilation cancelled out by increased respiration.  The 57.8% increase results almost entirely from
the earlier onset of bud-burst and early summer photosynthesis (when there is no soil moisture
limitation).  This effect is clearly demonstrated in Figure 7.9.

Figure 7.9 Simulated annual course of NPP of pedunculate oak in southern England, representing current conditions of
climate and carbon dioxide levels (solid line) and the predicted scenario for the 2080s, with elevated carbon
dioxide concentration and modified climate.

Predictions of changes in evapo-transpiration were also made.  In these simulations, evapo-
transpiration was only calculated across the growing season when foliage is present.  It is caluclated
as the sum of water losses through transpiration and evaporation from wet leaf surfaces following
precipitation.  Table 7.5 shows the response of evapo-transpiration to the various scenarios.
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Table 5. Estimates of ‘growing season’ evapo-transpiration for pedunculate oak in southern England under four
scenarios of climate and carbon dioxide concentration.  Simulations are from the model, GROMIT.  Predicted
values are averages for four years of different weather.

Meteorological
conditions

[CO2] (µmol mol-1) Predicted Evapo-transpiration
(mm a -1)

% Change in Evapo-
transpiration (mm a -1)

Current 360 311 (0.0)
Current 700 279 (-10.4)
2080s 360 332 (+6.6)
2080s 700 319 (+2.5)

The change in evapo-transpiration is notably smaller than the response of NPP.  The reduction in
water lost through evapo-transpiration in scenario 2 (carbon dioxide only) is largely the result of a
reduction in stomatal conductance.  The overall increase in NPP compared to water loss in the
future climate (scenario 4) indicates that water-use efficiency increases substantially.  This increase
in water use efficiency is partly in response to late season water deficits, and also as a direct
response to increased [CO2].  Figure 7.10 shows the predictions for evapo-transpiration for the
current and future climate, with the most noticeable deviation between the two outputs early in the
growing season, when there is unlikely to be water-stress because of winter replenishment.

Figure 7.10 Estimated evapo-transpiration over a growing season for pedunculate oak in southern England assuming
current climate (solid line) and future climate with elevated CO2 levels (dotted line).  Values are averaged
over four years of different weather.

It is important to note that the leaf area index remains constant in these simulations, although there
is a growing body of evidence that this is likely to increase (Ceulemans and Mousseau, 1995; see
Chapter 9).  Any increase in leaf area index would also enhance rainfall interception and water
losses through transpiration.  In the absence of an increase in leaf area index, the effect of increased
atmospheric carbon dioxide concentration is to reduce stomatal conductance.  Higher temperatures
(alongside increased absolute humidity) result in higher potential evapo-transpiration, although
when offset by reduced stomatal conductance, transpiration is smaller for the two high [CO2]
simulations.  These responses are simulated more appropriately by models with a growth component
(see Chapter 8).
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7.4.4  Conclusions

These model simulations, taking into account changes in climate and atmospheric carbon dioxide
concentrations, indicate that annual NPP may increase by 58%.  At the same time, evapo-
transpiration is predicted to show only a marginal increase.  This small increase is a result of
stomatal closure in response to elevated carbon dioxide and soil moisture deficit limiting
transpiration.  However, it should be borne in mind that these simulations do not address likely
changes in allocation patterns or canopy structure, and only assesses the direct effects of elevated
[CO2] and climate change on water and CO2 fluxes.  The close agreement between measured and
modelled NPP estimates gives a high confidence in the use of the short-term process routines in the
long-term growth model presented in Chapter 8.

7.5 Modelling Scots Pine in Finland

7.5.1 Experiment and model overview

At Mekrijärvi, Scots pine trees have been exposed to elevated [CO2], elevated temperature and the
concurrent increase of both variables in new experiments in single, whole-tree chambers.  A number
of chambers were used as controls, without any changes of environmental and atmospheric variables
(see Chapter 9).  The results obtained from the different treatments have been used as the basis for
the simulations with different scenarios: the values obtained in the control chambers were used for
the current climate simulations, while the values obtained in the elevated [CO2], temperature (T) or
T + [CO2] were used for the climate change simulations.  The model FINNFOR was used.  This is a
detailed model of Boreal forest growth that differs from other models utilised in ECOCRAFT by
also considering processes such as snow accumulation and seedlings recruitment.  The availability
of nutrients is modelled on an annual time step, while for other variables the time step is adapted to
approximate the time constant of the process.  The model is designed following object-oriented
principles (see the Appendix to Chapter 6 for details and references).

Similarly to Norway spruce in Sweden (see section 7.3), the way in which temperature may affect
the annual carbon cycle is also crucial for Scots pine stands in Finland that are subject to the Boreal
climate.  In FINNFOR, temperature affects the post-winter recovery of photosynthesis and the onset
of dormancy in autumn.  In the model, the year is divided into three main periods in terms of frost
hardiness (i.e. susceptible, hardening and hardened periods) the length of which is determined by
degree-day sums.  Respiration is also a crucial process that will respond to increase in global
temperature.  Stem, branch and root respiration are modelled on a dry mass basis, while foliage
respiration is modelled on a surface area basis, taking into consideration a decrease of leaf
respiration during the day.  Photosynthesis is modelled following the Farquhar approach with
temperature responses of the photosynthetic parameters.

At Mekrijärvi, canopy fluxes by the eddy covariance techniques are not yet available, hence
FINNFOR has been validated using gas exchanges results for the whole tree chambers.

7.5.2 Simulation results

As in the previous section (section 7.4), climate was changed according to the climate predictions of
HadCM2.  Simulations were made for the current and changed temperature climates, both with and
without increase in atmospheric [CO2].

In the current conditions, the model calculates a gross primary productivity (GPP) for the Scots pine
stand of 9066 kg C ha-1 a-1 and an evapotranspiration (ETR) of 451 mm a-1.  Over the annual cycle,
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the stand absorbs 5258 kg C ha-1 a-1 (NEE), while respiration (R) utilizes 40% of GPP (Table 7.6).
All the scenarios resulted in an increase of both GPP (16-61%) and NEE (10-87%).  Elevated CO2
was more important than temperature in increasing GPP (31% vs 16%) and NEE (54% vs 10%).
Interestingly, in the changed climate and [CO2] scenario, the stimulation of productivity caused by
the increase of both [CO2] and temperature was more than additive, for both GPP (61%) and NEE
(87%).  Respiration responded only to the increase in temperature (24%).  ETR did not change with
the [CO2], probably because of the absent or limited stomatal response to CO2 included in the
model.  In the warmer climate, ETR increased sligthly (+6%), because of increased soil (80%) and
canopy evaporation (20%), while tree transpiration was unchanged.

Table 7.6 Simulations from the model FINNFOR for annual gross productivity (GPP), evapotranspiration (ETR), net
ecosystem exchange (NEE) and total respiration (R) of Scots pine in Finland, in four scenarios of climate and
atmospheric change.  The sign of NEE follows the micrometeorological convention, being negative when the
ecosystem absorbs carbon.

Variable Unit Current climate
and [CO2]

[CO2]700
µmol mol-1

Eff.
%

2080s climate Eff.
%

2080s climate,
[CO2]=700
µmol mol-1

Eff.
%

GPP kg C ha-1 a-1 9066 11911 31 10530 16 14591 61
ETR mm a-1 451 451 0 476 6 476 6
NEE kg C ha-1 a-1 -5258 -8103 54 -5797 10 -9858 87
R kg C ha-1 a-1 3808 3808 0 4733 24 4733 24

Since temperature is the more important limiting factor for forest stands in the Boreal climate, it is
interesting to analyse in more details how the stand responds to an increase in this variable.  The
annual cycle of GPP for the current and future climate and [CO2] is presented in Figure 7.11 which
shows that climate change causes an increase of photosynthesis during summer and also a longer
growing season, resulting from both earlier bud break and delayed autumn dormancy.  The model
predicts, at this latitude and for this species, a direct effect on photosynthesis of both increased
temperature and CO2 concentration.

Figure 7.11 Estimated gross primary production (GPP) for Scots pine in Finland, assuming current climate (solid line)
and future climate with elevated [CO2] (dotted line).
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The concurrent change of the two variables leads to increase in summer GPP which, when only
temperature changed, remains almost the same as in the current climate, because, the summer
increase of GPP is almost balanced by the increase of respiration.  In the future climate and [CO2],
the growing season (defined as the period with positive GPP) started six days earlier and ended 13
days later.  Because of higher temperatures, days in autumn, winter and early spring with positive
photosynthesis increased from 6-8 to 23-26 days.

With both climate and [CO2] change, the stand becomes a carbon sink eight days earlier (day 118,
Figure 7.12) than in the current climate (day 126).

Figure 7.12 Estimated net ecosystem exchange (NEE) for Scots pine in Finland, assuming current climate (solid line)
and future climate with elevated [CO2] (dotted line).  The sign of NEE follows the micrometeorological
convention, being negative when the ecosystem removes carbon from the atmosphere.

However, the shift from sink to source was the same in both scenarios (day 280).  In this period of
the year, the increase of respiration nearly offset the slight increase in GPP, probably because of the
limited available radiation.  Interestingly, similar results were found for pedunculate oak in England
(see section 7.4.3).

7.5.3 Conclusion

For the Finnish Scots pine stand, the modelling results indicate that the predicted climate and
atmospheric [CO2] of the 2080s results in increased carbon absorption of 87%.  In fact, NEE will be
-9858 kg C ha-1 a-1 as a result of climate change compared with -5258 kg C ha-1 a-1 in current
conditions.  The increase in carbon absorption is caused by both direct effect of elevated [CO2] and
temperature on photosynthesis, but also by the indirect effect of the longer growing season in the
warmer climate.  This result is very similar to the results found for Norway spruce in northern
Sweden (see section 7.3), but differs in that the simulation is extended to yield estimates of net
ecosystem exchange.
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7.6 Modelling beech in France and Italy

7.6.1 Experiment and model overview

Among the forest stands included in the ECOCRAFT project (see Chapter 2), there are the two
beech forests of Hesse (North-East France) and Collelongo (Central Italy).  Both stands are part of
the EUROFLUX network, and canopy fluxes have been measured in both since 1993 (Collelongo)
and 1996 (Hesse).  Ecophysiological and structural parameters are available for both forests, and
those for Collelongo are included in the ECOCRAFT database.  Two models were used to simulate
productivity and fluxes of these forests: CASTANEA at Hesse and CANOAK at Collelongo.
Although different in many features, the two models share a number of similarities.  Both have been
developed for deciduous canopies and assume that the canopy is horizontally homogenous and
divided in a number of layers, in each of which the leaf area index is specified.  CANOAK is based
on a short time scale and simulates light interception and photosynthesis on an hourly or sub-hourly
basis.  For these reasons, the canopy structure is detailed.  CANOAK does not have a growth
component and can be considered as a “flux model”, designed to simulate canopy fluxes of carbon
and water.  CASTANEA aims to simulate carbon and water balance on an annual basis, and
contains additional processes such us allocation and growth.  The CASTANEA model calculates
photosynthesis and transpiration of the stand on an hourly basis and the carbon and water balance on
a daily basis.  In CASTANEA phenology is included: budburst and leaf fall depend on day-degrees
and day length, and this has an important rôle in the carbon balance.

For the French site at Hesse, simulations have been made using four scenarios:

1. current climatic conditions,
2. elevated CO2 ([CO2] enhanced by additonal 350 µmol mol-1),
3. changed climatic conditions (modified according to HadCM2), and
4. changed climatic conditions and elevated [CO2].

This site is the only one for which the simulations also take into account the mean changes of
photosynthetic physiology resulting from the meta-analysis of the ECOCRAFT results (Chapter 4;
Medlyn et al., 1999).  For this purpose, the following changes in maximum rate of electron transport
(Jmax) and carboxylation velocity (Vcmax) have been used:

Jmax(elevated CO2) = 0.91 Jmax (current CO2), and
Vcmax(elevated CO2) = 0.88 Vcmax (current CO2).

The simulations with this changed physiology were made for both the current and modified climate
with an elevated CO2 atmosphere (i.e. scenarios 2 and 4).  All the simulations were made for the
entire year of 1997

For the Italian site at Collelongo, the simulations have been made with five scenarios: current
climate, two scenarios with increased temperature (2 and 4 °C) and two scenarios with elevated
[CO2], one of which also considers an increase in temperature of 2 °C.  For this site, the Hadley
Centre scenario predicts an average temperature increase of 2.6 °C around year 2070-2100. The
beech forest of Collelongo is located in the Apennines at an elevation of 1600 m a.s.l..  In winter,
snow cover at the site can last more than three months.  As the model proved to be unstable in
simulating respiratory fluxes during the period with presence of snow, the simulations presented
here are limited to one full growing season  for the year 1997.



156

7.6.2  Simulation results

7.6.2.1 Comparison with measured fluxes

The two sites, where fluxes by eddy covariance were measured, provided data to validate the
models.  The comparison of modelled versus measured values of net ecosystem exchange were as
follows:

CASTANEA (comparison on a weekly basis for the Hesse stand):
NEEsimulated = 1.17 NEEmeasured - 0.27 (r2= 0.85, d.f.=50) g C m-2 day-1

ETRsimulated = 1.04 ETRmeasured + 0.15 (r2=0.91, d.f.=50) mm day-1

CANOAK (comparison based on single half hours):
The scatter plot of calculated vs measured data is presented in Figure 7.13.
NEEsimulated = 0.73 NEEmeasured – 2.70 (r2= 0.82, d.f.=958) µmol CO2 m-2 s-1

ETRsimulated = 0.80 ETRmeasured + 6.19 (r2=0.69, d.f.=958) mg H2O m-2 s-1

Figure 7.13. Measured and calculated net ecosystem exchange (NEE) for the beech forest at Collelongo.  Each point
represents a single half hour during the period 27/07/1996 to 18/08/1996.  Calculated values are for the
model CANOAK.  The sign of NEE follows the flux convention, being negative when CO2 is absorbed by the
canopy.

Figure 7.13 shows that, similarly to a number of other models, CANOAK also tends to overestimate
nighttime respiration (positive values) and underestimate fluxes during the daytime (negative
values).  Calculated daytime fluxes tend to saturate at around –15 µmol CO2 m-2 s-1, but this is not
present in the measurements.  It must be emphasised that in CANOAK all the respiratory fluxes
(soil and biomass respiration) are modelled on the basis of single processes and measurements: the
use of night-time ecosystem respiration measured by eddy covariance to parameterise the respiration
routine of the model improves significantly agreement between the modelling results and the
measurements, but lowers the generalisation potential of the model.  Furthermore, the fact that the
data have been compared on a half-hour basis may well have reduced agreement between the
measured and modelled results: when calculated and measured average daily fluxes were compared
over 20 days, the slope of the relationship reached 0.95, with an r2 of 0.95.
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7.6.2.2  The beech forest at Hesse

In the current conditions, modelled values of GPP for the Hesse beech forest, are 14655 kg C ha-1 a-

1 with an ETR of 422 mm a-1.  Over the year, the stand is a sink of 4030 kg C ha-1 a-1 (NEE), with
10625 kg C ha-1 a-1of ecosystem respiration (Table 7.7).  Phenology is included in the model
CASTANEA.  As phenology changes with temperature, the model predicts, in the modified
temperature scenarios, changes in the growing season length (here defined as the period in which
LAI is larger than 0), as both earlier bud break (from week 17 to week 12) and delayed senescence
(from week 42-43 to week 45-46).  In a warmer world, the growing season of the Hesse beech forest
increases from 178 to 234 days, while the period with full LAI increases from 125 to 181 days
(Figure 7.14 and Table 7.7).  In the model, elevated [CO2] has no effects on LAI, even though some
reports tend to indicate that an increase of atmospheric [CO2] could lead to an increase of LAI
(Ceulemans and Mousseau, 1995; see Chapter 9).

Figure 7.14. Annual course of leaf area index (LAI) for beech forest at Hesse, assuming current climate (solid line) and
future climate (dotted line).

The effect of a longer growing season, with or without considering an increase in [CO2], is to
increase GPP and NEE (Table 7.7).  Interestingly, GPP, NEE and R are very similar for the
scenarios in which only one factor is changed (either [CO2] or T), signalling that a warmer climate
should have a similar effect to the doubling of [CO2], because of increase in the length of the
growing season.  Compared to other models, CASTANEA seems to predict a smaller increase of
respiration in response to climate and [CO2] change.
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Table 7.7 Annual simulated gross productivity GPP), evapotranspiration (ETR), net ecosystem exchange (NEE) and
total respiration (R) of beech in France, under four scenarios of climate and atmospheric change.  Simulations
are from the model CASTANEA.  The sign of NEE follows the micrometeorological convention, being
negative when the ecosystem absorbs carbon.

Variable Unit Current climate
and [CO2]

[CO2] 700
µmol mol-1

Eff.
%

2080s climate Eff.
%

2080s climate,
[CO2] 700
µmol mol-1

Eff.
%

GPP kg C ha-1 a-1 14655 17851 22 17842 22 22264 52
ETR mm a-1 422 375 -11 483 14 433 3
NEE kg C ha-1 a-1 -4030 -6806 69 -6551 63 -10414 158
R kg C ha-1 a-1 10625 11045 4 11291 6 11850 12
Growing season days 178 178 0 234 31 234 31
Days at full LAI days 125 125 0 181 45 181 45

The effect of temperature on GPP is almost completely related to extension of the growing season
(earlier bud-burst, delayed senescence): during the rest of the year, the increase of temperature has
only a minor effect on GPP (1-2 kg C ha-1 a-1, see Figure 7.15) and the average daily GPP for both
the growing season and the days at full LAI decreased slightly (7-10%) compared to the same
average for the current climatic conditions.

Figure 7.15  Effects of climate change and [CO2] scenarios on calculated GPP of beech at Hesse. The effects have been
calculated as absolute differences (∆GPP) from the current climate and [CO2]. Results are for current climate
and elevated [CO2] (solid line), changed climate (closed symbols) and changed climate and elevated [CO2]
(dotted line). Simulations are from the model CASTANEA

All the scenarios lead to enhancement of both GPP (22-52%) and NEE (63-158%).  Elevated [CO2]
and temperature had similar effects on GPP and NEE.  As with the Scots pine stand (see section
7.5.2), their effects on the simulation of productivity in the changed climate and [CO2] scenario,
was more than additive for both GPP (52%) and NEE (158%).  ETR decreased under elevated
[CO2] (11%) and increased in the warmer climate (14%).  Overall, this resulted in an almost
unchanged ETR in response to both climate and [CO2] change (3%).  In all cases, because of the
augmented GPP, the stand water use efficiency (GPP/ETR) increased, from 6% (changed climate)
to 48% (changed climate and [CO2]).  Hence, in a warmer climate, the longer growing season
compensated for the increase in ETR.
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CASTANEA was also utilised to predict the effects of climate change on canopy productivity and
fluxes when physiology also changes (Table 7.8).  As the changes in physiology are limited (-9% for
Jmax and –12% for Vcmax), the effects on fluxes and productivity are also very limited.  When only
[CO2] was changed, the results are virtually identical to the simulation with the unchanged
physiology (compare Table 7.7 and 7.8). A slight effect was present in the climate and [CO2] change
scenario, where a decrease of GPP (from 22264 to 21361 kgC ha-1 a-1) reduced NEE with respect to
the unchanged physiology scenario.

Table 8. Annual simulated gross productivity (GPP), evapotranspiration (ETR), net ecosystem exchange (NEE) and
total respiration (R) of beech at Hesse, under three scenarios of climate and atmospheric change.  In the
scenarios with elevated CO2, physiology of photosynthesis has been changed.  Simulations are from the
model CASTANEA.  The sign of NEE follows the micrometeorological convention, being negative when the
ecosystem absorbs carbon.

Variable Unit Current climate
and [CO2]

[CO2] 700
µmol mol-1

Eff.
%

2080s climate,
[CO2] 700
µmol mol-1

Eff.
%

GPP kg C ha-1 a-1 14655 17851 22 21361 46
ETR mm a-1 422 375 -11 428 1
NEE kg C ha-1 a-1 -4030 -6807 69 -9624 139
R kg C ha-1 a-1 10625 11044 4 11737 10

7.6.2.3  The beech forest at Collelongo

The model CANOAK was used to simulate productivity and fluxes in the Italian beech forest of
Collelongo for an entire growing season (1 May – 15 October) (Table 7.9).

Table 9. Simulated gross productivity (GPP), evapotranspiration (ETR), net ecosystem exchange (NEE) and total
respiration (R) of beech at Collelongo, under four scenarios of climate and atmospheric change.  Simulations
are from the model CANOAK and have been calculated for one growing season (sn).  The sign of NEE
follows the micrometeorological convention, being negative when the ecosystem absorbs carbon.

Variable Unit Current climate
and [CO2]

[CO2] 700
µmol mol-1

Eff.
%

Air T + 2 °C Eff.
%

Air T + 4 °C Eff.
%

[CO2]700
µmol mol-1,
Air T + 2 °C

Eff.
%

GPP kg C ha-1 sn-1 11166 15883 42 10215 -9 9053 -19 14660 31
ETR mm sn-1 346 267 -23 360 4 357 3 284 -18
NEE kg C ha-1 sn-1 -5733 -10434 82 -4479 -22 -2998 -48 -8918 56
R kg C ha-1 sn-1 5433 5449 0.3 5736 6 6055 11 5742 6

In current conditions, the beech forest of Collelongo shows a GPP of 11166 kg C ha-1 sn-1, with a
carbon gain, during the growing season of 5733 kg C ha-1 sn-1.  The proportion of net fluxes and
respiration is almost 1:1 and ETR amounts to 346 mm sn-1.  Similarly to pedunculate oak in
England (see section 7.4), when only temperature was changed there was a decrease of GPP (9-
19%) and an increase in respiration (6-11%).  Together, the two changes caused a significant
lowering of NEE (22-48%).  The concurrent slight increase in ETR resulted in decreased water use
efficiency (GPP/ETR) of 12% and 21%, with 2 °C or 4 °C temperature increase, respectively.

When simulations were made for an elevated [CO2] atmosphere, GPP and NEE were significantly
increased.  When the scenario included temperature and CO2 increase, the stimulation of
productivity by [CO2] was slightly lowered by both the increase in respiration (6%) and by a direct
effect on GPP, probably because of higher than optimal temperature for photosynthesis, but the
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stand still absorbed more carbon when compared to the current climatic conditions.  Elevated [CO2]
also had a direct effect on canopy evapotranspiration, reducing it by about 20%.  This resulted in an
increased water use efficiency (GPP/ETR) of 85% when only the change of [CO2] was considered,
and by 60% when temperature was also increased by 2 °C.  This is an important result if we take
into account that the site, although in the mountains, is located in the Mediterranean region, where
precipitation is often a limiting factor in summer.

For the simulations with the increased temperature scenarios (with and without changes of
atmospheric [CO2]), it must be emphasised that the model does not include a phenological cycle, so
that the length of the growing season is constant during the simulations.  As we have seen for the
beech forest at Hesse, the pedunculate oak stand in southern England and the Boreal stands at
Flakaliden and Mekrijärvi, the change in length of growing season has a significant role on forest
ecosystem performance with respect to climate change.  For this reason, it is currently planned to
repeat these simulations imposing a change in the growing season duration.

7.6.3 Conclusion

Beech forests in France and Italy showed a positive response to climate change (temperature and
CO2), with an increase in both gross and in net carbon exchange.  Relative to the current climate
conditions, GPP increased by 31% and 52%, while NEE increased by 56% and 158%, for the
Collelongo and Hesse sites, respectively.  Because of the longer growing season, these increases
were much larger in the Hesse beech stand.  At Collelongo, there was a strong indication that higher
temperatures during the growing season could cause the the temperature optimum for
photosynthesis to be exceeded, with consequent large reductions in GPP and NEE.

7.7 Synopsis: Impact on European Forest Types

The results of the different short-term simulations made for some of the forest ecosystems
investigated in the ECOCRAFT project have been summarised in Table 7.10 to give an overall
picture of the impacts of climate change and atmospheric [CO2] change on European forest types.

The modelling results indicate that, in the likely future climate and atmospheric CO2 concentration,
all the forest types that have been characterised and modelled in this analysis, will increase their
GPP and NPP substantially.  In fact, GPP is predicted to increase by 30% (beech forest in Italy) to
60% (Scots pine in Finland).  Net ecosystem exchange is also predicted to increase even more
significantly and could increase from 56% (beech in Italy) to nearly 160% (beech in France).  The
future warmer climate will also lead to an increase of respiration (6-24%) that does not offset,
according to the calculations, the increase of GPP caused by elevated [CO2].  The increased GPP
and the nearly constant ETR leads to increase in the WUE (calculated as GPP/ETR) by ca 50%, and
if WUE is calculated utilising net ecosystem exchange rather than GPP the effect of climate and
[CO2] change is even larger.

Elevated [CO2] alone leads to increases in GPP, NEE and WUE at all sites, with almost no effects
on respiration. On the other hand, temperature alone leads to increases in GPP and NEE in Finland
(Scots pine) and France (beech); at these sites the temperature effect was linked to significant
increases in the length of the growing season.  In contrast in England (pedunculate oak) and Italy
(beech), elevated temperature alone decreased GPP, NPP and NEE.  The generally larger impact of
temperature in the Boreal climates, where it is an important limiting factor, probably results from
more rapid mineralisation of soil organic matter leading to enhanced availablility of nutrients - an
even stronger limiting factor.
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The analyses presented here are limited to a one year period, although, in most cases, average
climatic data of more than one year have been used.  However, inter-annual variation in weather and
in physiological and structural properties of stands can have a significant impact on the results
presented here and should be taken into account in future.  More importantly, feedbacks amongst
processes and changes in structure (e.g. canopy closure), resulting from interactions amongst the
effects of temperature - CO2 - nutrient availability - water availability and other variables, have a
crucial role for the long-term responses of forest ecosystems to global change and need to be taken
into consideration when evaluating the responses of forest ecosystems to the changing environment.
Some of these issues are considered in the next chapter.

Table 7.10  Summary of the effects of global change scenarios on some parameters of canopy exchange.  The effects
(Eff.) have been calculated as 100(Scenario-Current)/Current.  Water Use Efficiency (WUE) has been
calculated as GPP/ETR, except for pedunculate oak (NPP/ETR).  All the simulations are for at least one year,
except for the beech forest in Italy, where the simulations cover one growing season.  The relevant scenarios
are defined in detail earlier.  The sign of NEE has been reversed in this table, hence positive values indicate
carbon absorption.

Forest ecosystem and location Current climate and
[CO2]

[CO2] 700
µmol mol-1

2080s climate,
current [CO2]

Air T +
4 °C

2080s climate,
[CO2] 700 µmol

mol-1

Kg C ha-1 a-1; mm a-1 Eff. % Eff. % Eff. % Eff. %
Spruce, Sweden Control (1) NPP 3001 17 18
Irrigated – Fertilised (1) NPP 6838 18 17
Scots pine, Belgium NEE 3480 109

ETR 488 0
Scots pine, Finland GPP 9066 31 16 61

ETR 451 0 6 6
NEE 5258 54 10 87
R 3808 0 24 24
WUE 20 31 10 52

Pedunculate oak, England NPP 3368 108.8 -67.7 57.7
ETR 311 -10.4 6.6 2.5
WUE 11 132.7 -69.7 53.7

Beech, France GPP 14655 22 22 52
ETR 422 -11 14 3
NEE 4030 69 63 158
R 10625 4 6 12
WUE 35 37 6 48

Beech, Italy (growing season, 1) GPP 11166 42 -9 -19 31
ETR 346 -23 4 3 -18
NEE 5733 82 -22 -48 56
R 5433 0.3 6 11 6
WUE 32 85 -12 -21 60

7.8 Development of Mechanistic Models of Plant Acclimation

7.8.1 Background

The short-term response of photosynthesis to changing environmental conditions over hours and
days is relatively well understood in terms of the underlying biochemistry.  At least this is so for
responses to light and CO2 and, to a lesser extent, temperature.  This knowledge is encapsulated in
many current plant growth models – including all of the ECOCRAFT models –  through use of the
Farquhar photosynthesis equations.  These equations describe how photosynthesis depends on short-
term changes in light, CO2 and temperature for a given amount of leaf photosynthetic proteins,
frequently represented by nitrogen content.
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However, it is widely documented that as environmental conditions change over longer timescales
of the order of days to weeks, the amount of leaf photosynthetic N can vary or acclimate.  Because
the underlying mechanisms are poorly understood, photosynthetic acclimation is largely ignored in
current models, thus limiting our ability to predict plant responses to rising CO2 and temperature on
all but the shortest timescales.

In addition, experiments have shown that many other key processes acclimate to environmental
conditions.  In particular, experimental work by Gifford (1994) and others indicates that the
acclimated response of whole-plant respiration (R) to increased temperature is approximately equal
to that of photosynthesis (P), so that the ratio R/P is relatively insensitive to growth temperature.
The acclimated behaviour of R/P is in stark contrast to short-term measurements which generally
indicate that R is much more sensitive than P to changes in temperature.  Unfortunately, many
current models parameterise the temperature response of R on the basis of short-term measurements
alone.  Another series of experiments by Gifford (1991) indicates that R/P down-acclimates at high
CO2, but again this effect is largely absent in current models.  There is also evidence from soil-
warming expereiments, including one within the ECOCRAFT project, that 'soil' respiration,
comprising both autotrophic root respiration and heterotrophic microbial respiration, acclimates in
response to rising temperature to maintain a conservative rate.

An increased understanding of acclimation in the forest to environmental conditions is therefore
central to the objectives of ECOCRAFT.  Our aim here has been to work towards such an
understanding through the development of mechanistic models of plant acclimation.

7.8.2 New developments in acclimation modelling

7.8.2.1 Leaf acclimation to light

Dewar et al. (1998) have developed and analysed a simple model for the dynamics of non-structural
carbohydrates (TNC) and proteins in plants (Figure 7.16). Their model predicts leaf photosynthetic
acclimation to light as a result of the short-term photosynthetic response to light, sucrose-driven
production of photosynthetic proteins (Wlp), and protein turnover.  The value of Wlp (a measure of
leaf photosynthetic N) determines the rate of light-saturated photosynthesis.  Increasing the average
photosynthetically-active radiation (PAR) results in an increase in the synthesis of sucrose (Wlc), and
hence of Wlp, leading to acclimation of the short-term photosynthetic light response curve

Because the protein turnover time is of the order of a few days, Wlp is driven into a quasi-
equilibrium state that approximately tracks the running 20-day averaged leaf PAR (<I>) through the
growing season; in fact, the model simply predicts that Wlp ∝  <I>.  The model therefore also
explains the approximately linear correlation between Wlp and <I> observed spatially within many
forest canopies.  Previous explanations of this spatial correlation have used optimisation arguments;
Dewar et al.’s model provides for the first time a mechanistic understanding of this correlation in
terms of the underlying processes of protein synthesis and turnover.

The underlying quasi-equilibrium behaviour of the fast-turnover TNC and protein pools, which
plays a central role in leaf acclimation, also has implications for acclimation at the whole-plant
scale.
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Figure 7.16 Carbon pools and fluxes in the model of leaf acclimation developed by Dewar et al. (1998, 1999).

7.8.2.2 PAR and carbon use efficiencies

Scaling up to the whole plant, Dewar et al. (1998) showed that the predicted quasi-equilibrium
behaviour of the fast-turnover TNC and proteins throughout the plant (i.e. also including stem and
roots) implies that (i) whole-plant net primary productivity (NPP) is proportional to canopy
absorbed PAR (APAR), and (ii) whole-plant respiration (R) is proportional to gross canopy
photosynthesis (P).  Significantly, even under realistic variable PAR conditions in the field, their
model predicts a linear relationship between time-averaged NPP and time-averaged APAR.

If the short-term photosynthetic light response curve is saturating, why does the model predict that
NPP is proportional to canopy APAR over days-weeks? This prediction reflects leaf acclimation to
PAR; leaves at the top of the canopy have a higher light-saturated rate of photosynthesis than leaves
at the bottom, thus countering the tendency for P to saturate at the top of the canopy.

The second result above, that R is proportional to P, reflects the fact that P provides the substrate
(i.e. sucrose) for R, so that on timescales over which the sucrose pool is in quasi-equilibrium, R and
P remain in approximate balance.

Therefore, in addition to leaf acclimation to PAR, the model also explains the approximate
constancy of light use efficiency (defined as NPP per unit APAR) and carbon use efficiency
(defined as NPP per unit P) that is widely-observed for both crop and forest species, at least when
water does not limit growth.  Dewar (1996) previously derived the result NPP is proportional to
APAR from an optimisation argument; now we have a more general mechanistic understanding of
this relationship in terms of the underlying quasi-equilibrium behaviour of the fast pools.

The acclimation model of Dewar et al. thus provides the theoretical underpinning for simple growth
models based on the use of strictly constant PAR and carbon use efficiencies (e.g. Dewar, 1997),
and, importantly, provides a basis for assessing the range of validity of these simpler models.
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7.8.2.3 Leaf acclimation to CO2

Dewar et al. (1998) also showed that, at a given atmospheric CO2 concentration, there exists an
optimal value for the allocation of leaf sucrose between leaf protein synthesis and sucrose export
(alp in Figure 7.16), which maximizes leaf sucrose export during the growing season (presumably
advantageous for leaf expansion the following spring particularly in conifers).  Above the optimal
alp, further increases in protein synthesis incur larger losses in respiration than gains in
photosynthesis.

Significantly, their model predicts that the optimal protein allocation fraction alp decreases under
elevated CO2 as it becomes more advantageous to cut respiration losses than to increase
photosynthetic gains.  Therefore, leaf photosynthetic down-regulation may be viewed as an adaptive
response to the shift in balance between leaf photosynthesis and leaf respiration provoked by
elevated CO2.

The optimal behaviour of the model implies that the ratio R/P decreases at high CO2, as was
observed in a variety of species by Gifford (1991).  In order to gain further insights into acclimation
to CO2, future work will aim to incorporate into the model a mechanism for changes in protein
allocation fraction (alp).

7.8.2.4 Acclimation of the respiration / photosynthesis ratio to temperature

Figure 7.17  The simualted leaf respiration/photosynthesis ratio (Rl/Pl) is relatively insensitive to variations in daily
temperature (T) and incident radiation (I).  From Dewar et al. (1999).

By incorporating temperature responses into the model, Dewar et al. (1999) predicted that the ratio
R/P is relatively insensitive to growth temperature, provided that the protein allocation fraction alp
does not vary significantly with temperature (Figure 7.17).

This prediction is consistent with the experimental results of Gifford (1994), and applies even
though in the model the short-term temperature response of R is larger than that of P.  Again, the
result can be understood in terms of the underlying quasi-equilibrium behaviour of the fast sucrose
pools.
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7.8.3 Conclusions

7.8.3.1

This result provides theoretical support for the view that many current models of plant response to
rising temperature may be fatally flawed because they are based on the responses of R and P
observed in short-term experiments.  Such models predict that plant growth will decline with rising
temperature because respiration is stimulated more than photosynthesis.  This is true in the short
term, but not in the long term.  These models effectively assume that R and P are independent
fluxes, but in fact they are coupled through the sucrose pools.  Thus, R and P cannot diverge
indefinitely.  This observation is critical to the hypothesis of carbon saturation put forward by
Scholes and discussed in some detail in Chapter 8.

We conclude that models which explicitly represent plant sucrose and protein pools may provide a
robust basis for understanding and predicting acclimated plant growth responses to rising CO2 and
temperature.

7.8.3.2  Summary of main achievements

•  Development of a simple mechanistic model of leaf photosynthetic acclimation to light.

•  Mechanistic insights into the observed approximate constancy of plant light and carbon use
efficiencies.

•  An adaptive interpretation of acclimation of photosynthesis and respiration to CO2.

•  Development of a simple mechanistic model giving insights into acclimation of the respiration /
photosynthesis ratio to temperature.
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CHAPTER 8
MODELLING LONG-TERM RESPONSES TO RISING CO2 AND

TEMPERATURE

Mark Broadmeadow, Seppo Kellomäki, Ross McMurtrie, Belinda Medlyn, Tim
Randle, Johan Bergh, Roderick Dewar, Mark Jeffreys, Sune Linder, Heli

Peltola and Hannu Väisänen

8.1 Summary

The aim of this work package is to produce long term growth simulations of forest growth under
current and future conditions of climate and atmospheric composition.  These simulations use
observed growth to validate the output from the models, and the most detailed regional future
scenarios available for the respective forest stands.  The climatic scenarios are not limited to carbon
dioxide concentration and temperature, but include other meteorological variables.  Given the
diversity of the models involved, the nature of the conclusions to be drawn from the modelling
activities are wide ranging.  However, this approach does lead to an overview of the effects of
climate change on forest ecosystem functioning as a whole, in terms of both timber production and
carbon, water and nutrient cycling and sustainability.  Results are presented for model simulations
carried out using GROMIT (oak, England), G’DAY (Norway spruce, Sweden) and FINNFOR
(Scots pine, Finland). Some specific details of model structure and function are given here, although
other sections give greater detail regarding short-term model validation (chapters 5 and 6) and
model structure (Appendix 1).

8.2 Introduction

Many controlled-environment experiments have shown large tree growth responses to elevated CO2
(Curtis and Wang, 1998;  Mooney et al., 1999; see also Chapter 9)-the so-called direct CO2-
fertilisation effect (CFE).  There is debate as to whether these results are representative of the
response of mature stands or whether down-regulation or acclimation of the photosynthetic
mechanism (see Chapters 4 and 9) reduces this effect in the long term (Eamus and Jarvis, 1989).
There is also controversy over the implications of these short-term experiments for productivity and
carbon sequestration of field-grown forest ecosystems, that are subject to various bio-geochemical
and ecological feedbacks (e.g. Ceulemans and Mousseau, 1994; Kirschbaum et al., 1994, 1998;
Körner, 1996; Mooney et al., 1999), including the effects of elevated CO2 on litter properties and
thus modification of the CFE.  Bio-geochemical feedbacks are also critical in determining how
rising temperatures will affect future forest carbon storage (e.g. Houghton et al., 1998), because of
uncertainty about the relative magnitude of opposing effects of temperature on soil respiration and
plant productivity.  For instance, it has been argued that, largely because plant respiration and
decomposition are exponential functions of temperature, the terrestrial biosphere, currently thought
to constitute a carbon sink of approximately 2 Gt C a-1, could become a carbon source within the
next century (Cao and Woodward, 1998; Scholes, 1999; Scholes et al., 1999; Walker et al., 1999).
In addition to these responses  to climate change and rising atmospheric CO2 concentration at the
ecosystem level, predictions of changing growth rates, productivity and commercial rotation length
are fundamental to planning within the forestry industry.  These two areas are also inextricably
linked in the assessment of whether commercial forestry is sustainable in the long term.
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Section 3 of this chapter presents simulations for Scots pine (Pinus sylvestris L.) by the FinnFor
ecosystem model (Kellomäki and Väisänen, 1997) under a scenario of rising CO2 and air
temperature with associated changes in other weather variables.  The simulations are extended over
the boreal zone (60o – 70o N) with a clear south-north gradient in prevailing temperature.  The
model outputs are, first, demonstrated in terms of changes in growing conditions as determined by
precipitation, snow cover, length of growing season, water balance, soil moisture and nitrogen
availability.  In these calculations, a gradual increase in air temperature over a period of 100 years
was assumed.  Second, net canopy photosynthesis (NPP) over one year is calculated assuming a
four degree rise in air temperature and a doubling of atmospheric CO2 concentration to 700 µmol
mol-1).  Third, canopy photosynthesis is calculated over a period of 100 years, assuming the gradual
change in temperature  and doubling of CO2 specified above.  The changes in the net canopy
photosynthesis for a year and for a period of 100 years are contrasted with those in the present
growing environment in order to recognise how changes in environmental conditions may affect net
canopy photosynthesis.

Section 4 presents simulations by the G’DAY ecosystem model of the consequences of rising CO2
and temperature for Norway spruce (Picea abies (L.) Karst.) stands growing at the nutrient-limited
experimental site at Flakaliden, Sweden (McMurtrie et al., 1999; Medlyn et al., 1999b; Mooney et
al., 1999; Ruimy et al., 1999).  These simulations predict long-term impacts of rising CO2 and
temperature on forest productivity and carbon storage in soils and biomass on timescales ranging up
to several centuries.  Section 4 will briefly describe the G'DAY model,  and present results from
both simulations and equilibrium-based equations for net primary production (NPP), net ecosystem
production (NEP) and carbon storage on various timescales after a step increase of either CO2 or
temperature.  The discussion will focus on the role of litter feedbacks and on the consequences of
rising CO2 and temperature for the carbon sink.

Section 5 contrasts model simulations of the growth of oak (Quercus robur L. and Q. petraea
(Mattuschka)) in England (52 oN) under current conditions of climate and atmospheric CO2
concentration with simulations made assuming the most detailed regional climate change scenarios
for the UK (at a spatial scale of 10 km; Hulme and Jenkins, 1998).  These model simulations use
GROMIT (growth model of individual trees; Randle and Ludlow, 1998; Broadmeadow et al.,
1999b) to predict effects on timber yield and site index, with a discussion of the impact of water
availability on forest productivity.

Some information on these sites is given in Chapter 2, as well as in the appropriate sections in this
Chapter.

8.3 Modelling the Long-term Response of Scots Pine to Rising CO2 and Temperature

8.3.1 The FinnFor Model

8.3.1.1 Modelling photosynthesis and introduction of the CO2 and temperature impacts into the
dynamics of tree growth

The model employed is that developed by Kellomäki and Väisänen (1997) (see also Kellomäki et
al., 1993; Strandman et al., 1993; Väisänen et al., 1994), in which the dynamics of the ecosystem
are directly linked to climate through photosynthesis, respiration and transpiration and indirectly
through the hydrological and nitrogen cycles.  The hourly computations cover an entire year or
several years, representing both the active and dormant seasons.
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The photosynthetic rate per unit area of foliage was calculated using the standard representation of
the biochemical model developed by Farquhar et al. (1980) and von Caemmerer and Farquhar
(1981)(see Appendix 1).  Vcmax and Jmax (µmol m-2 s -1) are calculated as linear functions of the
nitrogen content in the foliage as determined by Kellomäki and Wang (1997) for Scots pine.
Stomatal conductance is simulated according to the model of Jarvis (1976), using the representation
developed by McMurtrie et al. (1990), which includes linear functions for soil water and
temperature, minimum daily air temperature, vapour pressure deficit, ambient CO2 concentration
and photon flux density.

In order to introduce seasonality into the photosynthesis calculation, it  was assumed that the values
of   Jmax and Vcmax are specific for seasons; i.e. the sensitivity of  Jmax and Vcmax to temperature  is
determined by the annual temperature pattern.  Replacing Vcmax with Vomax and Jmax with Jomax,

Vomax = KVcmax (1)

Jomax = KJmax (2)

where K (0...1) is the multiplier introducing the effect of seasonality. K was modelled in the manner
proposed by Pelkonen and Hari (1980) and Pelkonen (1981),
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where Sp is a parameter describing the phase of the annual cycle computed on a daily basis; i.e.

where Ti is temperature at moment i on an hourly basis and a and c are dimensionless parameters
having the values 2 and 600, respectively.

8.3.1.2 Modelling weather and soil

The simulation of weather is based on the assumption that (i) there can be a linear or non-linear
long-term trend in the changing weather patterns; (ii) there can be seasonal variability in annual
weather patterns; (iii) there can be diurnal variability in seasonal weather patterns; (iv) there can be
random variability in weather patterns; and (v) there can be auto-correlation between weather
variables (Strandman et al., 1993).  It is further assumed that the current correlative structure of the
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weather patterns is maintained.  The simulation produces hourly values for air temperature, solar
radiation, water vapour pressure, wind velocity and atmospheric CO2, whilst cloudiness and
precipitation are calculated on a daily basis.  Initialisation of the weather simulator requires site-
specific monthly and daily weather statistics.

Soil conditions are represented in the calculations of photosynthesis by soil temperature, soil
moisture and nitrogen content, as detailed by Kellomäki et al. (1993) and Kellomäki and Väisänen
(1997).  The temperature and moisture gradients between the soil surface and lower soil layers
drives the transfer of water and heat into the soil at an hourly time step.  The heat and water
conditions are computed by means of the partial differential equations (6) and (7), solved using
Euler integration.  The soil surface forms the upper boundary conditions for the equations, while the
lower boundary conditions are obtained from the heat flow and percolation from the lowest soil
layer; i.e.

where C is the heat capacity of the inorganic soil layer (J m-3  oC-1), Cw is the heat capacity of water
(J m-3  oC-1), p is water tension (metre of water), kh is thermal conductivity (J m-3  oC-1), kw is
hydraulic conductivity (m s-1), Lf is the latent heat of freezing (J kg-1), q is water flow (m3 m-3 s-1), ri
is the density of ice (kg m-3), sh is the sink/source term for heat (J  m -3 s-1 ), sw is the sink/source
term for water (m3 m-3 s-1), t is time, w is the volumetric water content (m3 m-3), and T is air
temperature.

The downward flow of heat is the sum of heat conduction and convection. The water on the soil
surface represents direct precipitation, precipitation through the canopy and water produced by
melting snow.  Daily evaporation from the surface pool is calculated as the daily latent heat flow
divided by the latent heat of evaporation.  Daily infiltration into the soil indicates the outflow of
deeper water into the soil profile.  The processes related to soil moisture and temperature are inter-
linked in such a way that the volumetric water content depends on the freezing temperature and
evaporation of water from the soil.  Similarly, the water in the soil influences soil temperature
through its heat content and heat capacity relative to the physical properties of the soil.  The soil
moisture conditions are output layer by layer in terms of volumetric water content and water
tension.  The layers are assumed to be horizontally homogeneous.

The decomposition of litter and humus makes the nitrogen bound in the humus available to the
trees.  Litter represents dead organic material from any biomass compartment (foliage, branches,
stem, course roots and fine roots).  Any litter cohort will contain several types of litter, each of
which decays separately at a rate determined by temperature and precipitation, the determinants of
actual evapo-transpiration.  Furthermore, the quality  of the litter (lignin and nitrogen content) will
affect the rate of decay and the subsequent rate of nitrogen mineralisation.  The availability of
nitrogen from the soil and from the internal nitrogen cycle determines the nitrogen content of the
needles and other organs of  living trees  (Kellomäki et al., 1993, Kellomäki and Väisänen, 1997).
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8.3.1.3 Modelling the dynamics of tree population

The tree-stand simulation updates stand density, stem height and diameter, foliage biomass by age
class and the weight of the branches, stems, coarse roots and fine roots, based on the allocation of
net photosynthate to different organs as constant fractions and converted into dry matter.  The
density of the tree stand is determined by the regeneration (natural or planting) and the mortality of
the trees, which are treated as cohorts in the calculations.  Initialisation of the tree cohort
calculations requires the number, diameter and age of the trees in each cohort.  These factors are
used to calculate the structure of the crown (length, width, needle area density).  Tree crowns are
assumed to be ellipsoids over the lifetime of the tree.  The foliage area is distributed uniformly
within the crown layers, and the foliage representing each crown layer is formed by the four needle
age classes typical of Scots pine.  The crown layer areas are determined by the allocation of
photosynthate to the foliage and by reference to the life expectancy of each age class in the layer.
One tree cohort is shading others and, thus reduces the available radiation, which is given in terms
of hourly values for diffuse and direct radiation.  The trees are assumed to follow a Poisson
distribution within the stand.

8.3.1.4 Parameterisation of  the model

The parameterisation of the photosynthesis model is based on a field experiment in which natural
Scots pine (age about 25 years, height 3-4 m) were grown under elevated temperature, elevated CO2
and a combination of the two treatments (for further details of the experiment, see Wang et al.,
1995; Kellomäki and Wang, 1996; Repo et al., 1996; Wang et al., 1996; Kellomäki and Wang,
1997; Medlyn et al., 1999a).  The values of the main parameters are presented in Chapter 4 and are
also available in the ECOCRAFT data base (see Chapter 3; Medlyn and Jarvis, 1999).  The same
parameter values were used for each site; i.e. the Scots pine populations were assumed to be
homogeneous along the south-north temperature gradient.  This probably does not result in any
major bias in the calculations in the southern and middle boreal zones, but in the northern boreal
zone the accumulation of net photosynthesis is probably overestimated.  Similarly, the parameter
values for stomatal conductance presented in Table 8.8.1 were used for each site.

Table 1. Parameter  values used to calculate stomatal conductance as a function of climatic and edaphic factors.
Parameter Value Dimension Explanation
Gsmin 50 mmol m-2 s-1 Minimum value of gs
Gsmax 175 mmol m-2 s-1 Maximum value of gs
Imin 30 µmol m-2 s-1 Photon flux density below which gs = Gsmin

CO2min 100 µmol m-2 s-1 CO2 below which gs = Gsmax

CO2max 1000 µmol m-2 s-1 CO2 below which gs = Gsmin

SWmin 0.028 Dimensionless Fraction of field capacity
SWmax 0.5 Dimensionless Fraction of field capacity
STmin -1 oC Soil temperature below  which gs = Gsmin
STmax +1 oC Soil temperature above which gs = Gsmax
NTmin -5 oC Night temperature below which gs = Gsmin
NTmax 0 oC Night temperature above which gs = Gsmax
VPDmin 0.4 kPa VPD below which gs = Gsmin
VPDmax 3 kPa VPD above which gs = Gsmax
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8.3.2  Computations

8.3.2.1 Sites and stands

The simulations focused on nine sites along a north-south transect across Finland (Table 8.8.2).  The
sites in the vicinity of Helsinki and Tampere are representative of southern boreal forests, those in
Kuopio, Joensuu and Kajaani depict central boreal forests, and the Rovaniemi and Sodankylä sites
are examples of northern boreal forests.  The site in Utsjoki is an example of the ecotome between
the boreal and tundra biomes  (tundra woodland) with scattered stands of Scots pine.  The sites are
distributed to represent southern Finland (60o to 63o N) and northern Finland (64o to 70o N) as
specified in Table 8.8.3.  The moisture content of the top soil was assumed to be 0.21 m3 m-3 at
wilting point and 0.53 m3 m-3 at field capacity at all the sites.  The amount of litter and humus on
and in the soil at the beginning of the simulation was taken to be 76 t ha –1, and nitrogen deposition
at the site was assumed to be 20 kg ha -1 a -1 throughout the simulation period.  The initial density of
the stand was 2500 stems per hectare regardless of site, with an average butt diameter of 0.01 m and
a height of 0.1 m.  The stands were assumed to be left unmanaged during the simulation period.

Table 8.8.2  Sites used in the simulations, and prevailing annual mean temperature (1961-1990) and mean annual
precipitation. The sites represent southern Finland and northern Finland as follows: Southern Finland =
Helsinki, Tampere, Jyväskylä, Joensuu, Kuopio. Northern Finland = Kajaani, Rovaniemi, Sodankylä, Utsjoki.

Site Latitude Longitude Temperature (oC) Precipitation
(mm)

Southern Finland
Helsinki
Tampere
Joensuu
Jyväskylä
Kuopio
Northern Finland
Kajaani
Rovaniemi
Sodankylä
Utsjoki

60o 19' N
61o 20' N
62o 40' N
62o 24' N
63o 01' N

64o 17' N
66o 34' N
67o 22' N
69o 45' N

24o 58' E
23o 35' E
29o 38' E
25o 41' E
27o 48' E

27o 41' E
25o 50' E
26o 39' E
27o 02' E

4.5
3.7
2.2
2.6
2.7

1.4
0.3
-0.9
-2.0

677
629
634
670
560

552
510
475
374

8.3.2.2 Climate and climate scenarios

The climate scenarios are based on the IS92a scenario for emissions of greenhouse gases (Carter et
al., 1995).  The current temperature corresponds to the weather statistics for the period 1961 to
1990, whilst the changing temperature scenario comprises (i) an increase of 0.4 oC per decade
throughout Finland, (ii) a CO2 increase of 35 µmol mol-1 per decade, and (iii) a combination of CO2
and temperature increase.  The rise in temperature was mainly allocated to winter (Table 3).  The
mean annual precipitation under current climatic conditions was assumed to be specific for each site
throughout the simulation.  Under the changing climate scenario, precipitation was assumed to
remain constant except for increases and reductions resulting from changes in cloudiness as
specified by Strandman et al. (1993).  The atmospheric concentration of CO2 for the current climate
was assumed to be 350 µmol mol–1 rising to 700 µmol mol-1 at the end of the changing climate
simulation.
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Table 8.8.3  Total increase in annual mean temperature assumed to take place at different sites in southern and northern
Finland by the end of the simulation period.

Month Southern Finland, ∆∆∆∆T oC Northern Finland, ∆∆∆∆T oC
January 6.2 5.4
February 5.7 4.6
March 5.1 4.1
April 4.4 4.0
May 3.3 3.5
June 2.1 2.5
July 1.6 2.2
August 3.2 2.9
September 3.2 3.8
October 4.3 4.5
November 5.2 5.1
December 5.9 5.5

8.3.3 Results of the Simulations

8.3.3.1  Changes in growing conditions

The annual mean precipitation over a period of 100 years in southern Finland was 620 mm a-1 for
the current climate, with 35% falling as snow, and 590 mm a-1 for the changing climate (a 5%
reduction), with 22% falling as snow (a 17% reduction).  The duration of snow cover decreased
from 100 - 160 days to 50 -100 days (a 50 - 60% reduction) (Figure 8.1).

Table 8.8.4  Length of the growing season (days) at current and elevated temperature at the end of a period of 100 years,
and percentage increase (%).

Site Current temperature Rising temperature Increase (%)
Southern Finland
Helsinki 182 209 15
Tampere 177 202 14
Joensuu 160 182 14
Jyväskylä 162 187 15
Kuopio 165 189 15
Northern Finland
Kajaani 152 176 16
Rovaniemi 136 157 15
Sodankylä 131 153 17
Utsjoki 116 146 21

In northern Finland, current precipitation was about 450 mm a-1 (46% as snow) and that for the
rising temperature scenario 445 mm a-1 (41% as snow); i.e. precipitation decreased by 2% and the
proportion received as snow by 11%.  Here the duration of snow cover was reduced from 180-220
days to 150-180 days (a 15-20% reduction).  As expected, rising temperature increased the length of
the growing season (number of days with mean temperature ≥ 5 oC; Table 4); i.e. by up to 15% in
southern Finland and up to 20% in northern Finland.

Elevated temperature reduced drainage by 15 %  throughout the country and increased evaporation
by 7% in southern Finland and 25% in the north, leading to a reduction in soil moisture (Figure 2).
A small increase in transpiration also reduced the water available to replenish the soil moisture in
northern Finland, whereas in the south the decrease in soil moisture reduced stomatal conductance
and consequently, transpiration.  An increase in interception was observed in northern Finland,
partly as a result of the increased foliage area; i.e. at the end of the simulation period the leaf area
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index was 20% larger in northern Finland and 15% larger in southern Finland under the rising
temperature scenario.

Figure 8.1Number of days with snow cover, assuming  a rise of 4 oC in air temperature over 100 years in southern
Finland (Helsinki) and northern Finland (Utsjoki).

Figure 8.2 Percentage changes in the proportions of interception, transpiration, evaporation and drainage over a period
of  100 years as a result of rising temperature.

The annual mean moisture content over the 100 year period stabilised at 0.35-0.40 m3 m-3 in
northern Finland and at 0.38-0.43 m3 m-3 in southern Finland, the lower limit representing the rising
temperature scenario and the upper limit, the current situation. If only the growing season was
considered, the soil moisture content for the rising temperature scenario was 20-30% lower than that
at present.  The moisture content of the uppermost soil layer dropped below the wilting point (0.21
m3 m-3)  more frequently in the rising temperature scenario than under current conditions; i.e. over a
period of 100 years there were two to three dry days per year in southern Finland under the baseline
scenario, but 15 to 20 days per year under the rising temperature scenario (Table 8.5).  In northern
Finland, the absolute increase of dry days was smaller, although in relative terms, larger than in
southern Finland.
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Table 8.8.5  Number of days over the a period of 100 years with the moisture content of the uppermost soil layer (10 cm
thick surface soil) below the wilting point (0.21 m3 m-3) at the various sites under current and rising
temperature scenarios.

Site Current temperature Rising temperature Increase, (%)
Southern Finland
Helsinki 313 1680 437
Tampere 94 721 667
Joensuu 103 535 419
Jyväskylä 97 537 454
Kuopio 114 739 548
Northern Finland
Kajaani 63 355 463
Rovaniemi 72 460 539
Sodankylä 49 307 549
Utsjoki 21 304 1348

The changes in temperature and precipitation enhanced the decomposition of litter and humus (soil
organic matter) and the mineralisation of nitrogen, this effect being most pronounced in northern
Finland (Table 8.8.6).  However, increased decomposition rates led to an enhancement of the
immobilisation of nitrogen, which increased more rapidly than mineralisation.  Consequently,
nitrogen availability was not increased.  Furthermore, the increasing litter fall also enhanced the
amount of nitrogen immobilised in decomposition.  In southern Finland, the nitrogen
immobilisation increased more slowly than the decomposition, causing an increase in the amount of
nitrogen available for growth.

Table 8.8.6  Mineralisation and immobilisation of nitrogen (t ha-1) over a period of 100 years at the various sites under
current and elevated temperature scenarios.

Site Mineralisation Immobilisation
Current Rising Change (%) Current Rising Change (%)
temperature temperature Temperature temperature

Southern Finland
Helsinki 1.325 1.395 5.3 2.902 3.022 4.1
Tampere 1.331 1.351 1.5 2.743 2.849 3.9
Joensuu 1.171 1.235 5.5 2.480 2.627 5.9
Jyväskylä 1.970 1.295 8.3 2.529 2.691 6.4
Kuopio 1.131 1.177 4.1 2.491 2.630 5.6
Northern Finland
Kajaani 1.008 1.103 9.4 2.169 2.358 8.7
Rovaniemi 0.791 0.880 11.2 1.928 2.209 14.6
Sodankylä 0.693 0.807 16.4 1.526 1.928 26.3
Utsjoki 0.487 0.568 16.5 1.198 1.511 26.1

8.3.3.2  Annual canopy photosynthesis

Net photosynthesis became positive in early April and ceased in late October in southern Finland
under current climatic conditions (Figure 8.3), whilst in northern Finland, this situation prevailed
from late May to late September.  Elevated temperature increased photosynthesis throughout the
country, with the increase largely restricted to spring - i.e. during the time when the availability of
radiation and soil water did not limit photosynthesis.  The increase in photosynthesis was small in
autumn due to the limited radiation input.  In contrast, elevated temperature reduced photosynthesis
in late July as a result of soil moisture limitation (the difference between photosynthesis at elevated
and current temperatures).  Under the scenario of combined increases in temperature and CO2, an
extended period of photosynthesis was apparent, together with an increase in maximum rates of
photosynthesis.  The seasonal course of net photosynthesis under elevated CO2 was the same as with
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the current climate, but the maximum values for photosynthesis were 25-30% larger.  Again, the
increase was largest in late June and early July, but the values for photosynthesis during the rest of
the growing season still exceeded those calculated for the current climate, except in late July
(difference between photosynthesis under elevated temperature and CO2, and elevated CO2).

Figure 8.3   Seasonal course of daily values for net photosynthesis in southern Finland (Helsinki) and northern Finland
(Utsjoki) for different climate scenarios.  The computations represent values for the initial tree stand in year
one.

The impact of temperature elevation on the seasonality of photosynthesis is indicated by the annual
course of the parameter K in Equation (1).  Winter dormancy (K<1) was released and full
photosynthetic capacity (K=1) was attained substantially earlier in southern Finland than in the
north (Figure 8.3).  With rising temperature, the difference between the south and north was
reduced, but winter dormancy was still much longer in northern Finland and full photosynthetic
capacity was also attained later.  The trees assumed winter dormancy and lost their photosynthetic
capacity substantially earlier in the autumn in northern Finland (K<1) than in the south.  Elevated
temperature extended the period of full photosynthetic capacity, although the growing season was
still substantially shorter in northern Finland than in the south, as also demonstrated, in terms of
cumulative K values over a year  (Table 8.8.7).  There is a slight tendency for the length of the
season with some capacity to attain photosynthesis to increase more in northern Finland than in the
south (about 2%).  Cumulative K is closely and linearly related to the length of the growing season,
indicating how temperature elevation could alter photosynthetic capacity (Figure 8.4).

Annual net photosynthesis of the whole canopy over a period of one year under current climatic
conditions was 35-45 kg ha -1 a -1  in northern Finland and 50-55 kg ha-1 a-1 in southern Finland
(Figure 8.5).  This increased with both elevated temperature and elevated CO2 to 50-60 kg ha-1 a-1 in
northern Finland (an increase of up to 25%) and 70 kg ha -1 a -1 in southern Finland (an increase of

Table 8.7  Cumulative K value over a year (elevated temperature) and a period of 100 years (rising temperature).
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Site Current temperature
Year         100 years

Elevated temperature
Year         100 years

Change, (%)
Year          100 years

Southern Finland
Helsinki 180             17377 232           19960 29              15
Tampere 175             16883 222           19303 27              14
Joensuu 160             15374 202           17591 26              14
Jyväskylä 161             15449 207           17836 28              15
Kuopio 166             15952 208           18177 26              14
Northern Finland
Kajaani 153             14464 195           16703 28              15
Rovaniemi 140             12949 178           15124 28              17
Sodankylä 132             12218 169           14421 29              18
Utsjoki 117             10682 158           13006 35              22

10-25%).  The increase was larger for the CO2 elevation in southern Finland and for temperature
elevation in the north.  Combined elevation of temperature and CO2 further increased total
photosynthesis, particularly in northern Finland, where canopy photosynthesis (up to 70  kg ha-1 a-1)
was increased by 50% relative to the value under current climatic conditions.  In southern Finland,
the corresponding value was up to 80 kg ha-1 a-1 (50% increase).  A linear regression of net
photosynthesis on length of growing season showed good correlation (Figure 8.6), and in both
elevated  CO2 scenarios,  the slope of the line was steeper than for the two ambient CO2 scenarios.

Figure 8.4 Seasonal course of photosynthetic capacity in terms of K values in southern Finland (Helsinki) and northern
Finland (Utsjoki) under current temperature conditions (A) and with elevated  temperatures (B). The
computations represent values for the initial tree stand at the year one.
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Figure 8.5 (a)Total net canopy photosynthesis over a period of one year, and  (b) the change in total net photosynthesis
in the canopy over a period of one year, at different sites and for different climate scenarios.

Figure 8.6   Net canopy photosynthesis as a function of length of growing season.  Upper line with filled squares: CO2
elevation alone or combined with elevated temperature, and lower line with filled circles: current or elevated
temperature scenarios.

8.3.3.3 Total canopy photosynthesis over a longer period

Under current climatic conditions, total net photosynthesis in the canopy over a period of 100 years
in northern Finland was 1100-1800 t ha -1, or 55-80% of that in southern Finland (2000-2200 t ha -1)
(Figure 8.7).  Elevation of CO2 alone increased the productivity by about 15-30%, with a larger
increase occurring in northern Finland.  With an elevation of temperature alone, productivity
increased by 5% in southern Finland and 25% in northern Finland.  The combined scenario of
elevated temperature and CO2 increased  photosynthesis throughout the country, from 25% in the
extreme south to 60% in the far north.  An analysis of total photosynthesis and changes in growing
conditions showed that the length of the growing season was the main factor explaining the variance
in photosynthesis over the temperature gradient.  Again, photosynthesis was linearly related to the
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length of the growing season,  i.e. to the total number of days during a period of 100 years that
constitute the growing season (Figure 8.8).

Figure 8.7   (a) Total net canopy photosynthesis over a period of 100 years, and (b) changes in total net photosynthesis
in the canopy over a period of 100 years at different sites and for different climate scenarios.

This was to be expected, since cumulative K over a period of 100 years is very closely related to the
total length of available growing season (Table 8.7). The mean increase in K was 15% in southern
Finland and 18% in northern Finland.  Cumulative K showed a very good linear correlation with the
total number of ‘growing season’ days (available time for growth).  This indicates how rising
temperature may alter photosynthetic productivity over long periods.

Figure 8.8 Net photosynthesis in the canopy over a period of 100 years as a function of the total number of ‘growing
season’ days during the period of 100 years, assuming transient changes in climatic conditions.  Upper line
with filled squares: CO2 elevation alone or combined with elevated temperature, and lower line with filled
circles: current temperature or rising temperature.

8.3.4  Discussion

The present calculations utilise a process-based model (Kellomäki et al., 1993; Kellomäki and
Väisänen, 1997) in which photosynthesis, respiration, transpiration and the uptake of water and
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nitrogen link the growth and development of a tree stand  (regeneration, growth and mortality) and
the consequent dynamics of the tree population with the climate and soil.  In this context, the
biochemical photosynthetic model of Farquhar et al. (1980)  was used in order to introduce the
effects of temperature and CO2 into the calculations.  This implies that temperature influences the
rates of carboxylation and oxygenation of Rubisco, dark respiration and the seasonality of
photosynthesis.  The CO2 effects are mediated through biochemically based equations that represent
photosynthesis that is limited by Rubisco activity and the regeneration of RuP2 (Farquhar et al.,
1980).  Stomatal conductance was assumed to be affected by soil temperature and water content, air
temperature, vapour pressure deficit, atmospheric CO2 concentration and photon flux density, as
adapted from McMurtrie et al. (1990).  Comparisons with a more mechanistic model (Ball et al.,
1987) indicated broadly similar responses to VPD and atmospheric CO2.  A doubling of
atmospheric CO2 concentration reduced stomatal conductance by 10%.  However, with concurrent
temperature elevation this effect was masked by increased vapour pressure deficit, which dominated
stomatal responses during the growing season.

The temperature response of photosynthesis was slightly higher at elevated temperature alone or
combined with elevated CO2, than with elevated CO2 alone (Wang et al., 1995), and this tendency
was further enhanced when atmospheric CO2 was increased along with nitrogen content.
Photosynthesis can thus be expected to increase most where temperature changes are largest, as in
northern Finland.  Higher productivity may also be expected if rising temperature increases the
mineralisation of  nitrogen bound in organic matter in the soil (McMurtrie and Comins, 1996).
Elevated temperature also enhanced the immobilisation of nitrogen due to the increasing nitrogen
demand for decomposition as a consequence of the increase in litter resulting from higher
productivity.  The increase in immobilisation exceeded that of mineralisation in northern Finland,
with the consequence that the availability of nitrogen increased only early in the 100 year
simulation, prior to canopy closure.

Over the course of a year, photosynthetic capacity was assumed to acclimatise to the seasonality of
temperature, as demonstrated by  Pelkonen and Hari (1980) and  Pelkonen (1981). This prevented
any premature onset of photosynthetic activity in the spring or late continuation in the autumn and
gave a better match between the seasonal course of photosynthesis and the annual weather pattern.
This implies that warm spells during winter dormancy will initiate photosynthetic activity only after
substantial temperature elevation over several days - i.e. winter dormancy itself must be broken
down before photosynthesis becomes responsive to temperature.  This is in line with experimental
results showing a correlation between the photosynthetic capacity of Scots pine and its frost
resistance during the dormant period (Repo et al., 1996; Bergh, 1997) with limited responsiveness
to short warm spells in winter.  This would prevent overestimation of photosynthesis in late autumn
and early spring at elevated temperatures.  On the other hand, the increase in annual photosynthetic
production upon temperature elevation was mainly due to an enhancement of photosynthesis in
early spring, when radiation and soil moisture were in not limiting factors (Bergh, 1997).

The results of these simulations demonstrate that temperature elevation of 4 oC or a doubling of CO2
alone could increase annual photosynthetic production by up to 10-25%, this increase being higher
for temperature in northern Finland and higher for CO2 in southern Finland.  The combination of
elevated CO2 and temperature further increased photosynthetic production by up to 30% in southern
Finland and by up to 60% in northern Finland.  The increase in annual photosynthesis was brought
about mainly by the elongation of the growing season in spring.  Over a period of 100 years,
temperature elevation alone increased productivity by about 5% in southern Finland and by about
25% in northern Finland.  Increasing CO2 alone resulted in an increase in productivity of up to 15-
30%, this being larger in northern Finland than in the south.  The combined elevation of CO2 and
temperature further increased productivity, particularly in northern Finland, where net
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photosynthesis was about 60% higher than under the current climate.  The corresponding increase in
southern Finland was about 25%.  Elongation of the growing season was again responsible for much
of the increase in photosynthetic production and the expected increase in stem-wood growth (cf.
Hustich,  1948;  Mikola, 1952;  Henttonen et al., 1986).

The current simulations predict that the largest effects of temperature elevation in Finland would
occur at sites where temperature is currently sub-optimal.  This is in line with the findings of
Kellomäki and Kolström (1992; 1994), who calculated that the growth of Scots pine would increase
by 5% in southern Finland but by about 170% in northern Finland using a gap type model.  This
latter estimate of growth enhancement is three times more than the figure obtained here (30%).
Similarly, the regression between growth and temperature sum employed by Kauppi and Posch
(1985) indicated that the growth increase after temperature elevation could be about 40% in
southern Finland and up to 140% in northern Finland.  In general, when the temperature
environment was optimal for Scots pine (southern Finland), FinnFor predicted higher growth than
the more aggregated models did, whilst under sub-optimal conditions (northern Finland), it
predicted lower growth.

8.4 Modelling the Long-term Response of Norway Spruce to Rising CO2 and Temperature

8.4.1 The G’DAY Model

G'DAY is a plant-soil model that simulates cycling of carbon (C) and nitrogen (N) in terrestrial
ecosystems (Figure 8.9).  The model consists of differential equations for the C and N contents of
three biomass pools (foliage, wood, fine root), four litter pools and three soil organic matter (SOM)
pools.

Figure 8.9: Schematic representation of pools and fluxes of C and N in G'DAY.
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The plant model simulates photosynthesis, plant N uptake, C and N allocation, tissue senescence,
and N re-translocation from senescing tissue.  Productivity is assumed to be light- and N-limited,
with N availability evaluated from the soil model and photosynthetic C gain dependent on both light
absorbed and N uptake.  Carbon production is derived from a mechanistic model of temperature and
CO2 effects on photosynthesis of sun-lit and shaded foliage (Medlyn et al., 1999b).  This canopy
model provides an expression for gross primary production (GPP) as a function of canopy mass, leaf
N:C ratio and environmental conditions (incident photosynthetic radiation, mean growing-season
temperature and ambient CO2 concentration).  Respiration is modelled as a fixed proportion of GPP,
in accordance with recent evidence from experiments and modelling (Dewar et al., 1998; 1999).
Carbon allocation is modelled by allocating fixed proportions of net primary production (NPP) to
leaves, wood, fine roots and root exudate.  Tissue senescence is represented by constant litterfall
rates for leaves, wood and fine roots.

The soil model simulates decomposition of litter and SOM, net N mineralisation, N input through
atmospheric deposition and biological fixation, N loss through leaching and gaseous emission
(Figure 8.9).  The soil model is based on the CENTURY model (Parton et al., 1987) with four litter
pools (structural and metabolic above- and below-ground C) and three soil pools (active, slow and
passive with turnover times ranging from 1 to 1000 years).  Decomposition rates are functions of
temperature and soil moisture; turnover times, the reciprocal of decomposition rate, for each C pool
are listed in Table 8.8 for the Flakaliden site.  In each decomposition cycle, there is a soil C loss due
to microbial respiration. G'DAY evaluates fluxes of N associated with decomposition of each pool,
and, like CENTURY, assumes that N and C contents of each pool are coupled.  Under these
assumptions net N mineralisation can be inferred from simulated C fluxes.  For more complete
descriptions of G’DAY see Comins and McMurtrie (1993) and Medlyn et al. (1999b).

In G’DAY the direct effect of CO2 on photosynthesis is represented by a mechanistic model of
photosynthesis by C3 plants (BEWDY; Medlyn et al., 1999b).  Temperature-dependent processes
are photosynthesis, plant respiration, growing season length, and soil decomposition (Medlyn et al.,
1999b).

Table 8.8.  Estimated turnover times for C pools of the G'DAY model parameterised for the Flakaliden site with mean
annual air and soil temperatures of 2.5 and 4.5 °C, and mean growing season air temperature of 13.1 °C.
Equations for the temperature dependence of decomposition rates are taken from Comins and McMurtrie
(1993) and Parton et al. (1987).

Pool Turnover time (years)
Metabolic litter 0.05
Active SOM 0.3
Structural litter 0.5
Fine roots 1
Leaves 11
Slow SOM 40
Wood 50
Passive SOM 1000

8.4.2 Parameterisation of G’DAY for Norway Spruce

There are two versions of G'DAY, a daily time step version employing daily meteorological data
(Ruimy et al., 1999), and a version assuming constant, mean-annual weather (Comins and
McMurtrie, 1993; Medlyn et al., 1999b).  The latter version is used here because it can be used to
derive equilibrium-based equations for NPP, net ecosystem production (NEP) and C storage.
G’DAY was parameterised for Norway spruce (Picea abies (L.) Karst.) stands planted in 1963 at the
Swedish site, Flakaliden, which is among the world's leading climate change experiments with both
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high CO2 and soil warming treatments (Linder, 1995).  The Flakaliden site (64°07 'N, 19°27 'E, 310
m a.s.l.), near Umeå in northern Sweden, experiences a harsh, boreal climate, that is characterized
by short and cool summers with long days and long, cold winters with short days.  The growing
season lasts approximately 120 days (Bergh et al., 1998; see Chapter 2 for a more complete site
description).  In order to parameterise G'DAY, we collated a comprehensive data set of model
parameter values, and a four year meteorological data file (1991-1994) containing measured daily
incident photosynthetically active radiation (PAR), daily maximum and minimum air temperatures,
and daily soil temperature.  Seasonality is incorporated in G'DAY by assuming NPP is zero outside
the growing season and air temperature is constant (Ta = 13.1°C) during the growing season.
Decomposition is represented as an exponential function of soil temperature.  An effective annual
soil temperature is determined by (1) using the exponential function and daily soil temperature
measurements to evaluate daily decomposition rates over the period 1991-1994, (2) using daily
decomposition rates to determine annual average decomposition rate, and (3) using the exponential
function to estimate an effective soil temperature corresponding to annual average decomposition
rate.  The effective soil temperature is 6.15 °C, compared with an annual mean soil temperature of
4.5 °C.  In parameterising G’DAY, we made extensive use of the ECOCRAFT parameter data base
(see Chapter 3) (Medlyn and Jarvis, 1999; Linder, 1995; Robertnz and Stockfors, 1998).

8.4.3 Long-term Response to Rising CO2

8.4.3.1 Simulated net primary production

Figure 8.10:  The simulated dynamic response of Norway spruce at Flakaliden to a step increase of CO2 from 350 to 700
µmol mol-1 at time zero.  The simulation was initiated by running G'DAY to equilibrium at 350 µmol mol-1.  The
simulation corresponds to Simulation 1 of Table 8.9. (a) Simulated NPP and heterotrophic respiration (b)
Constraint curves at CO2 concentrations of 350 (solid lines) and 700 µmol mol-1 (dotted lines). The
photosynthetic (‘Photo’), medium-term (‘Medium’), and long-term N-availability (‘Long’) constraint curves are
indicated. The heavy line indicates the trajectory of the dynamic simulation in Figure 8.10a. (c) The simulated C
sink.
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Figure 8.10a illustrates a simulation of the effect of rising CO2 on NPP of Norway spruce growing
at the Flakaliden site.  This simulation was initiated by running G'DAY to equilibrium at current
CO2 (350 µmol mol-1), and then increasing CO2 to 700 µmol mol-1 at time zero.  Immediately
following the CO2 increase, NPP increases due to enhanced photosynthetic efficiency (the leaf
protein, Rubisco, is more efficient as a carboxylase, Medlyn et al., 1999a).  The increase is
transient, however, and is followed within a decade by a small negative response, and in the long
term (> 100 years) by a small positive response.  This temporal pattern is similar to the response of
other models to a doubling of CO2 for N-limited ecosystems, with a large transient CO2-fertilisation
effect (CFE) giving way to a much smaller nutrient-limited response (e.g. Ruimy et al., 1999).

The temporal response to high CO2 can be explained using a graphical analysis, known as 'two-
timing' (Comins and McMurtrie, 1993).  That analysis exploits the fact that G'DAY consists of
many plant and soil pools with a wide range of turnover times (Figure 8.9).  Turnover times
estimated for Norway spruce stands at Flakaliden range from 0.05 to 1000 years (Table 8.8).  The
four litter pools and active soil organic matter (SOM) have turnover times shorter than one year.
Fine root and foliar biomass have intermediate turnover times (1 and 11 years, respectively).
Woody biomass and slow SOM have longer turnover times of 40-50 years, while passive SOM has
a very long turnover time (approx. 1000 years).  On a given timescale, the system may be divided
into 'fast'- and 'slow'-turnover pools, where the former are in approximate (or quasi-) equilibrium
and the latter are effectively constant. At quasi-equilibrium the total flux of C into fast pools is
balanced by the total flux out (and similarly for N).  The C and N flux balance equations may be
depicted graphically as two relationships between NPP and leaf N:C ratio: the 'photosynthetic
constraint' to production (representing the quasi-equilibrium C balance of the fast pools), and the 'N-
availability constraint' to production (representing the quasi-equilibrium N balance of the fast
pools).  These equations were derived by Medlyn et al. (1999b).  The photosynthetic and N-
availability constraint curves are shown in Figure 10b for Norway spruce.  The photosynthetic
constraint is evaluated at CO2 concentrations of 350 and 700 µmol mol-1.  The N-availability
constraint varies over time because the various pools reach equilibrium on different timescales.  The
medium-term N-availability constraint is achieved on a timescale of decades when all pools except
wood and slow and passive SOM are in quasi-equilibrium, whereas the long-term N-availability
constraint is achieved on a timescale of centuries when all pools except passive SOM are in quasi-
equilibrium.  Vegetation is in quasi-equilibrium when fast pools are in both C and N balance, i.e.
where the  two constraint curves intersect.  Thus, medium-term equilibrium NPP is given by the
intersection of the photosynthetic and medium-term N-availability constraint curves, while long-
term equilibrium NPP is given by the intersection of the photosynthetic and long-term N-availability
constraint curves.

The relationship between the quasi-equilibrium analysis and the simulated CFE is illustrated in
Figure 8.10b, where the simulation in Figure 10a is superimposed on the constraint curves.  The
starting point of the simulation is the long-term equilibrium at 350 µmol mol-1 with NPP = 0.253 kg
C m-2 a-1.  (This value for annual NPP is consistent with measured growth rates of control stands at
Flakaliden (Bergh et al., 1998)).  Elevated CO2 raises the photosynthetic constraint curve, producing
a transient increase of NPP represented by the initial vertical trajectory shown in Figure 8.10b.  This
enhanced productivity is not sustainable, however, because the increase of CO2 is not matched by a
corresponding increase of soil N availability.  Hence leaf N:C ratio declines, and, because canopy
photosynthesis is a function of leaf N:C, NPP also declines.  Figure 8.10b shows that simulated NPP
declines below its initial value at 350 µmol mol-1.  The simulation then approaches the intersection
of the 700 µmol mol-1 photosynthetic constraint and the medium-term N-availability constraint with
NPP = 0.255 kg C m-2 a-1; this intersection is reached approximately 20 years after the increase of
CO2 (Figure 8.10a).  Over subsequent decades the simulated trajectory slowly moves up the 700
µmol mol-1 photosynthetic constraint towards its intersection with the long-term N-availability
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constraint with NPP = 0.259 kg C m-2 a-1.  Results from this simulation are summarised in
Simulation 1 of Table 8.9.  Table 8.9 also presents long-term equilibrium values for carbon storage
in trees and soil at 350 and 700 µmol mol-1.  These values are based on equations for carbon storage
derived by McMurtrie et al. (1999).

G’DAY has been used to investigate three hypotheses that have been proposed in explanations of
how elevated CO2 affects C storage.  These hypotheses concern the consequences of altered litter
characteristics at high CO2: (1) that litter quantity increases due to the CO2-fertilisation effect,
leading to enhanced soil carbon (C), but also to a negative feedback because enhanced soil C leads
to enhanced N immobilisation in soil, and hence to reduced plant N uptake;  (2) that declining litter
quality at high CO2 also leads to a negative feedback because of slower decomposition rates, leading
to enhanced soil C, and hence to reduced soil nitrogen (N) availability; (3) that the high CO2-plant
shifts its C allocation to increase production of root biomass, root exudates and mycorrhizae leading
to enhanced rates of nutrient acquisition at high CO2.  These three hypotheses have been analysed
by running simulations of G’DAY for Norway spruce growing at Flakaliden.  The aim of this
research was not to determine whether high CO2 leads to changes in litter quantity or quality, C
allocation or N acquisition; rather it was to determine how rising CO2 will affect net primary
production (NPP) and C sequestration if these changes occur.

8.4.3.2 Hypothesis 1 - enhanced litter quantity

Hypothesis (1) concerns the effect of rising CO2 on litter quantity which will increase as a
consequence of any short-term CFE.  Increased litter quantity may have a feedback effect on plant
production if it leads to enhanced sequestration of C and nutrients in soils.  This effect is viewed by
many modellers as the primary feedback constraining the short-term CFE (Rastetter et al., 1992;
McMurtrie and Comins, 1996, Mooney et al., 1999; Ruimy et al., 1999).  Hypothesis (1) was
investigated by running a simulation with litter quality identical at 350 and 700 µmol mol-1 (leaf
litter N:C = 0.01; Simulation 2, Table 8.9).  Because litter quality is unaltered at high CO2, the only
operational litter feedback is due to enhanced litter quantity.  It can be seen from Table 8.9 that at
the nutrient-limited equilibrium, NPP and long-term C storage are very similar at ambient and
elevated CO2.  Once equilibrium is established at high CO2, rates of NPP, litterfall, C input to soil
and N uptake are very similar to rates at 350 µmol mol-1.  Thus, the short-term direct CFE is almost
totally constrained by soil nutritional feedbacks (McMurtrie et al. 1999).  This result is consistent
with a conclusion by Rastetter et al. (1992) that long-term increases in ecosystem C storage are
possible at high CO2 only if one of the following occurs: (i) increased N inputs; (ii) reduced N
outputs; (iii) declining N:C ratios in biomass or soils; or (iv) a shift of N from pools with high to
low N:C ratio (e.g. from soil to biomass).  In Simulation 2 (i), (ii) and (iv) do not occur and,
although N:C ratios are reduced in foliage and wood, the reduction is not large enough to have
much impact on C storage.

8.4.3.3 Hypothesis 2 - reduced litter quality

Reduced litter quality at high CO2 (Hypothesis 2) has been widely hypothesised as the reason why
natural ecosystems will show only modest growth increases to CO2-enrichment.  The reasoning,
originating from Melillo and colleagues (e.g. Melillo et al., 1991; Norby et al., 1999), was that CO2-
fertilised foliage, whose nitrogen (N) concentration is normally lower than at ambient CO2 (Curtis
and Wang, 1998), would produce low quality litter which is slow to decompose, and that retarded
decomposition would lead to reduced soil fertility; this hypothesised litter quality feedback would
lead to a diminished CFE in infertile natural ecosystems.  However, altered litter quality will
constrain the direct CFE only if the following three conditions hold: (1) litter quality declines at
high CO2; (2) declining litter quality retards decomposition; and (3) retarded decomposition has a
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substantial negative effect on plant nutrient uptake and productivity.  This litter quality hypothesis
led to a proliferation of experimental studies on decomposition of CO2-fertilised plant tissue.
Experimental evidence for slower decomposition of CO2 fertilised litter is mixed (Coûteaux et al.,
1991; Norby et al., 1999).  A key aspect of litter quality is litter N content.  A frequent experimental
observation is that CO2-fertilised foliage has reduced N:C ratio (Luo et al., 1994; Curtis and Wang,
1998), but evidence for reduced litter N:C ratio is equivocal (Norby et al., 1999).  Furthermore,
even if litter N:C ratio were to decline at high CO2, then it is uncertain whether decomposition will
be slower, e.g. recent evidence is that decomposition may be retarded in the short term but not in the
long term (Berg and Ekbohm, 1991; Berg et al., 1996; 1999; Berg and Matzner, 1997).  Another
issue concerns whether altered litter quality ever constitutes a major constraint on the direct CFE;
recent simulation modelling suggests that altered litter quality is only of minor importance as a
feedback on the direct CFE (Kirschbaum et al., 1994; McMurtrie and Comins, 1996; Mooney et al.,
1999).  The effect of reduced litter quality at high CO2 is considered in Simulation 1 (Table 8.9)
where we assume that the N:C ratio of senescing leaves is 60% lower than for live leaves.  Because
CO2-enriched foliage has lower N:C ratio at high CO2 (as illustrated in Figure 8.10b), it follows that
leaf litter also has lower N:C ratio at high CO2 and hence reduced litter quality.

Equilibrium CO2 responses for Simulation 1 are larger than obtained under the assumption that litter
quality is unaltered at high CO2 (Simulation 2), but are still small; the predicted NPP response to
double ambient CO2 is +0.9% (medium term) and +2.2% (long term) and the long-term C storage
response is +2.0% in both soil and trees.  The difference between Simulations 1 and 2 represents the
effect of altered leaf litter N:C ratio.  It can be seen for Simulation 1 (Table 8.9) that the long-term
increase in soil C if litter N:C ratio declines at high CO2 is modest (<2%), indicating a minor
improvement in soil fertility.

8.4.3.4 Altered below-ground C allocation

Experiments indicate that CO2-enrichment often leads to increased production of roots, mycorrhizae
and C exudate (Canadell et al., 1996; Cardon, 1996; Gorissen, 1996).  Each of these commonly
observed responses will affect C and N cycling at high CO2, though it remains unclear whether there
will be a net beneficial effect on soil nutrient availability (e.g. Diaz et al., 1993; Zak et al., 1993).
Medlyn and Dewar (1996) have predicted increased below-ground production at high CO2 from an
equilibrium-based analysis of G'DAY. Implications of rising CO2 for plant N acquisition have been
incorporated in two models: FOREST-BGC relates N input to below-ground C production (Ruimy
et al., 1999), and EDINBURGH-ITE assumes that C exudation leads to increased N gain through
non-symbiotic N fixation (Cannell and Thornley, 1998).

Simulation 3 (Table 8.9) considers the effects of a shift in C allocation at high CO2 from wood to
root exudate, leading to increased N input.  Simulations 1 and 2 assumed partitioning coefficients to
foliage, wood and fine roots of 0.2, 0.5 and 0.3, respectively.  Simulation 3 illustrates the effect of
increased below-ground C partitioning at high CO2: foliage and fine root allocation are unaltered,
but 15% of NPP is exuded by roots and wood allocation is reduced by 15%.  We make the further
assumption that the rate of non-symbiotic N fixation is proportional to the rate of C exudation with
N input per unit C exudation  of 0.005 g kg

-1
, according to which 1 kg of C exudate leads to a

nitrogen gain of 5 g. As indicated for Simulation 3 (Table 8.9), NPP which is initially 0.253 kg C m-

2 a-1 decreases to 0.242 kg C m-2 a-1 at the medium-term equilibrium, but increases to 0.72 kg C m-2

a-1 at the long-term equilibrium.  In the medium-term, NPP is slightly reduced below its initial level
because increased C exudation leads to enhanced soil C sequestration resulting in increased soil N
mineralisation.  Increased N input causes a gradual improvement in soil fertility illustrated by the
large increases in long-term soil C (+ 130%).  An implication of this simulation is that a small
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increase in N input may have a large long-term impact on ecosystem productivity.  Effects on long-
term NPP and tree and soil C storage all exceed +100% (Simulation 3, Table 8.9).

Table 8.9 Modelled values of NPP and C storage in trees, soil and the total ecosystem at quasi-equilibria of G’DAY for
CO2 concentrations of 350 µmol mol-1 (long term) and 700 µmol mol-1 (medium and long term) under 3
scenarios of how litter properties vary at high CO2.  Each simulation was initiated by running G’DAY to
equilibrium at a CO2 concentration of 350 µmol mol-1.

Medium-term Long-term Long-term C storage
CO2 effect NPP

kg C m-2 a-1
NPP
kg C m-2 a-1

Tree
kg C m-2

Soil
kg C m-2

Total
kg C m-2

1. Reduced litter quality
      350 µmol mol-1

     700 µmol mol-1
0.253
0.255

0.253
0.259

6.35
6.49

11.79
11.98

18.14
18.47

2. Unaltered litter quality
      350 µmol mol-1

      700 µmol mol-1
0.234
0.235

0.234
0.235

5.88
5.89

11.14
11.15

17.02
17.04

3. 1 + increased root C exudate
    and increased N fixation
       350 µmol mol-1

       700 µmol mol-1
0.253
0.242

0.253
0.720

6.35
12.77

11.79
26.39

18.14
39.16

8.4.3.5 Summary of the long-term response to rising CO2

The G’DAY model was applied to stands of Norway spruce at Flakaliden, Sweden, to evaluate the
long-term effects of high CO2 under various assumptions about how elevated CO2 affects litter
properties.  The simulations led to the following conclusions: (i) the dominant short-term constraint
on the CO2 fertilisation effect (CFE) is increased litter quantity; (ii) in the absence of changes in
litter quality, C allocation and N acquisition, high CO2 has a minimal effect on long-term NPP or C
sequestration; (iii) changes in litter N content at high CO2 make little difference to the size of the
CFE. (Further simulations presented by McMurtrie et al. (1999) indicate a large NPP response to
high CO2 if newly formed soil organic matter has reduced N:C ratio); and (iv) if increased below-
ground C allocation leads to enhanced N fixation then there is little short-term effect on NPP, but a
huge long-term effect on  NPP and C storage (McMurtrie et al., 1999). Conclusions (iii) and (iv)
imply that further research is needed on how elevated CO2 affects rates of nutrient acquisition and
the N:C ratio of litter substrate when it is stabilised as SOM.

8.4.4 Long-term Response to Rising Temperature

G’DAY was also used to investigate the growth response to rising temperature (T).  Increases in
temperature are assumed to affect photosynthetic rates, soil heterotrophic respiration, and growing
season length.  The response to a 2 °C  increase in mean annual temperature was simulated at
Flakaliden.  Because increased temperature also extends the growing season, this temperature
increase was assumed to increase growing season air temperature by a smaller amount of 1.2 °C.
The effective soil temperature at Flakaliden under elevated temperature was calculated to be 7.45 °C
compared with 6.15 °C under current climatic conditions.  Simulated NPP, heterotrophic respiration
and NEP are shown in Figure 8.11a.  These simulations were initiated by running G’DAY to
equilibrium at current temperatures.  G’DAY predicts a large transient increase in productivity, of
the order of +50%.  After several decades, the transient gives way to a smaller, but still substantial,
long-term increase in NPP of approximately +20% after 100 years, and of +11% at long-term
equilibrium.  This temporal pattern reflects changes in soil N availability with soil warming leading
to an immediate stimulation of decomposition and hence N availability, followed by gradual soil C
loss, leading to reduced fertility.  This temperature response, like the modelled CO2 response, can be
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interpreted in terms of the corresponding constraint curves, as shown in Figure 8.11b, where the
trajectory of the simulation is superimposed on the constraint curves.  The trajectory begins at the
intersection of the photosynthetic and long-term N-availability constraints evaluated at current
temperature (point A).  The trajectory then moves towards (but does not quite reach) the medium-
term elevated-T equilibrium point, given by the intersection of the elevated-T photosynthetic and
medium-term N-availability constraints (point B).  Finally, the trajectory approaches the long-term
elevated-T equilibrium point, given by the intersection of the elevated-T photosynthetic and long-
term N-availability constraints (point C).

Figure 8.11  The simulated dynamic response to a step increase in both air and soil temperatures of 2°C at Flakaliden
(heavy curve). The simulation was initiated by running G'DAY to equilibrium at current temperatures. (a)
Simulated NPP and heterotrophic respiration. The inset shows an enlargement of the first four years of the
simulation. (b) The photosynthetic (‘Photo’), medium-term (‘Medium’), and long-term N-availability
(‘Long’) constraint curves at ambient temperature (solid lines) and +2°C (dotted lines) are indicated. The
heavy line indicates the corresponding trajectory of the dynamic simulation in Figure 3a. The ambient-T long-
term equilibrium is marked as point A. The elevated-T medium-term and long-term equilibria are marked as
points B and C, respectively. (c) The simulated C sink.

The graphical analysis in Figure 8.11b reveals that the principal cause of the large response of NPP
to elevated temperature is the stimulation of nitrogen mineralisation, evident from the marked
upward shift of both the medium- and long-term N-availability constraints under elevated
temperature.  In contrast, the temperature dependence of short-term physiological processes
(photosynthesis and respiration) has little impact on equilibrium NPP because the photosynthetic
constraint, illustrated in Figure 8.10b is relatively steep.  If temperature were assumed only to affect
photosynthesis and respiration, and not soil decomposition, then the long-term equilibrium would
be given by the intersection of the elevated-T photosynthetic constraint with the ambient-T long-
term N-availability constraint.  Comparison of this intersection point with point C illustrates that, in
the long-term, NPP is much less affected by an increase in air temperature alone (approx. 1.5%
increase) than by an increase in both air and soil temperatures (approx. 11% increase).  The
conclusion can therefore be made that soil processes are more important than plant processes in
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determining the response of NPP to temperature and CO2 concentration on all but the shortest time-
scales.  A fuller justification of this conclusion is given in Medlyn et al. (1999b). This conclusion
highlights the need to include soil feedbacks in modelling studies of forest growth responses to
elevated CO2 and temperature.  These predictions using the G'DAY model contrast with those using
models which do not include soil feedbacks (Wang and Polglase 1995, Cao and Woodward 1998).
However, an important limitation of our work is that soil water availability is assumed not to limit
NPP; this is probably not a serious problem at Flakaliden where water is non-limiting.  Other
modelling studies suggest that reduced soil water availability and reduced stomatal conductance at
elevated temperature could act to reduce NPP (Thornley and Cannell 1996). Therefore the role of
plant physiological processes may be more important than implied by the present study.  To
determine if this is so, one approach would be to incorporate soil water limitations into the
constraint curve analysis, as was done in a preliminary way by McMurtrie and Dewar (1999).

McMurtrie and Comins (1996) showed that the magnitude and even the direction of the CO2-
response of G’DAY can vary on different timescales depending on whether key model parameters
vary at high CO2.  One of the key parameters is soil N:C ratio; they concluded that if the N:C ratio
of newly formed slow SOM declines at high CO2 then the medium-term NPP response will be
enhanced.  It is possible for soil N:C ratios to decline at high CO2 either because CO2-fertilised
foliage has reduced N, and hence litter input to the soil has low N content, or because high CO2
leads to enhanced soil N limitation, leading to replacement of current vegetation and microbial
decomposers by species with higher nitrogen use efficiency (i.e. lower N:C ratios).  Analogous
questions can be asked about impacts of rising temperature on N:C ratios: How much of the
additional soil N release at high temperature will be taken up by plants versus immobilised in
SOM?  Will warming lead to the replacement of current vegetation and decomposers by species
with reduced nitrogen use efficiency, i.e. higher N:C ratio?  If warming does lead to enhanced soil
N:C ratios, then the temperature response shown in Figure 8.11a will be reduced.

8.4.4.1 Comparison with experimental data

A comparison of the predicted effects of temperature with experimental data would require long-
term data obtained from experimental systems with intact nutrient cycles.  Thus far, there have been
very few experiments in which both air and soil temperature have been raised in the field (Wang et
al., 1996; Norby et al., 1997).  However, several experiments have been established recently in
which soil temperatures are raised in natural ecosystems by means of heated cables placed in the
ground (Rustad et al., 1998).  These experiments have been criticised on the grounds that, by
heating only soil and not air temperature, they de-couple plant and soil responses.  However, the
equilibrium analysis of the G'DAY model allows us to separate out plant and soil temperature
responses, so the results from these experiments can be directly compared with model output.

Where soil temperature is increased but air temperature is not, model output will move to the
intersections of the ambient temperature photosynthetic constraint with the elevated temperature
nutrient-cycling constraints.  The model thus predicts a medium-term response to elevated soil
temperature characterised by a slight increase in foliage N:C and a significant increase in NPP
(Figure 8.11b).  Increases in NPP have indeed been found in some soil warming experiments
including the Flakaliden site (van Breemen et al., 1998; Linder personal communication, 1999).
Effects on NPP have yet to be reported for other experiments, but most do report an increase in N
mineralisation that could support an increase in NPP (Peterjohn et al., 1994; Lükewille and Wright,,
1997; Ineson et al., 1998b; Rustad et al., 1998).  A key assumption of the present model is that the
fraction of mineralised N lost to gaseous emission and leaching is constant, and that trees take up all
of the remaining fraction.  If N losses were to increase under elevated temperature, the main effect
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in terms of the ‘two-timing’ analysis would be to reduce the upward shift in the medium- and long-
term N-availability constraints; an accompanying increase in the slope of the N-availability
constraint curves would be a secondary effect.  Thus, the predicted response of NPP to temperature
would be reduced.  The experimental evidence so far is contradictory: increased N leaching at
higher soil temperature has been reported for one non-nutrient limited forest (Lükewille and Wright,
1997), but leaching was reduced in another experiment on grasslands (Ineson et al., 1998a).
However, these observations relate to the absolute value of leaching losses rather than to the
fractional loss.  It is apparent that the fate of additional mineralised N under elevated soil
temperature requires further investigation.

8.4.5 Effect of Rising CO2 and Temperature on the Carbon Sink

The above discussion of temperature effects has focused on impacts on forest productivity (NPP).
NPP is a common output of forest growth models, which is of practical importance to commercial
forest managers, for example.  However, within the context of climate change in general, and the
1997 Kyoto Protocol (UNFCCC, 1997) in particular, it has become a priority to predict the response
of carbon sequestration in both plants and soils to elevated CO2 and temperature, for which net
ecosystem productivity (NEP), rather than NPP, is the relevant flux.

NEP is evaluated by subtracting soil heterotrophic respiration from NPP.  The value of NEP
indicates whether a forest is a C source (NEP<0) or sink (NEP>0).  For instance, the above
simulation of a step increase in CO2 concentration (Figure 8.10) predicts a transient C sink lasting
for only seven years (Figure 8.10c).  Thus, for the N-limited Flakaliden site increased CO2 leads to a
temporary enhancement of the C sink.  This small enhancement is confirmed by the small increase
in equilibrium C storage for Simulation 1 of Table 8.9.

The effects of rising temperature on NEP are controversial, because of uncertainty about the relative
magnitude of opposing effects of temperature on soil respiration and plant productivity.  A key
question is whether elevated temperature will decrease ecosystem carbon storage as a result of
enhanced soil decomposition or reduced NPP, or whether the stimulus to productivity from
increased N mineralisation (as discussed above) will result in increased C storage.  For instance, it
has been argued that, largely because plant respiration and decomposition are exponential functions
of temperature, the terrestrial biosphere, currently thought to constitute a carbon sink of
approximately 2 Gt C a-1, could become a C source within the next century (Scholes, 1999; Scholes
et al., 1999).  Several models predict that rising temperature will increase the rate of carbon loss
from soils, causing forests to become C sources.

Here, G’DAY has been used to simulate the C sink at Flakaliden following a temperature increase
of 2 °C.  These simulations suggest that rising temperature will lead to C loss from soils, but that
this effect will be outweighed by increased plant productivity resulting from enhanced nitrogen
mineralisation (Medlyn et al. 1999b).  The effect of a step increase of temperature on the C sink is
illustrated in Figure 8.11c.  This simulation shows that NEP is negative for the first year after
temperature increases, but that NEP is then positive for several decades, before falling to near zero.
The initial phase with negative NEP occurs because of a transient increase in soil heterotrophic
respiration immediately after temperature increases (Figure 8.11a).  But heterotrophic respiration
subsequently declines as high-turnover soil pools (active SOM and labile litter pools) are drawn
down to new lower equilibria.  As discussed above, the increase in heterotrophic respiration leads to
a net release of soil nutrients which stimulates NPP.  The prediction of increased C storage under
elevated temperature is consistent with the conclusion of Rastetter et al. (1992), that long-term
increases in ecosystem C storage will occur when there is a net shift of N from pools with high to
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low N:C ratio.  In the simulation illustrated in Figure 8.11, that is precisely what happens, with
warming leading to reduced soil organic matter (with high N:C ratios) but enhanced tree C (with
relatively low N:C ratios).

Scholes (1999) used a pair of equations for NPP and heterotrophic respiration to predict how the
global terrestrial C sink may be affected by future changes in CO2 and temperature.  He evaluated
the C sink under various assumptions concerning the temperature-dependence of respiration and the
CO2-dependence of NPP and concluded that the C sink associated with terrestrial ecosystems is
likely to decline from its current level of approximately 2 Gt C a-1 to become a C source within the
next century.   His simulations of the C sink cannot be compared with those presented here (Figures
8.10c and 8.11c), because he considered gradual climate change whereas we assumed stepped
increases of CO2 and temperature.  The simulations of G’DAY have therefore been run with
gradually increasing CO2 and temperature, with temperature increasing by 0.02 °C a-1 and CO2
concentration following measured values and IPCC projections (see Figure 8.13) for the next
century (Figure 8.12).  This simulation shows both NPP and heterotrophic respiration increasing
over the next century.  According to Figure 8.12, the Flakaliden site will remain a C sink over the
next century.  These results contrast with those of Scholes (1999), who assumed that NPP and
respiration are uncoupled, and predicted (on a global scale) that heterotrophic respiration will
continue to increase whereas NPP will saturate, so that the C sink will decline.  The explanation for
the discrepancy is that his analysis ignored both the stimulation of NPP due to soil warming, and the
decline of heterotrophic respiration if soil warming leads to reduced levels of organic matter in
soils.  He also did not consider the process of temperature acclimation of plant respiration (Dewar et
al., 1999).

Figure 8.12 The simulated dynamic response to a gradual increase in both temperature and CO2 concentration at
Flakaliden. The simulation was initiated by running G'DAY to equilibrium under conditions of temperature
and CO2 concentration prevailing prior to the industrial revolution. The model was simulated from 1800 to
1990 using constant temperatures and measured CO2 concentrations. After 1990, temperature was increased
at a constant rate of 0.02oC a-1 while CO2 followed the IPCC IS92a scenario. Simulated NPP, heterotrophic
respiration and C sink are shown for a period of 110 years.

Figure 8.12 suggests that the C sink at Flakaliden will be sustained for at least the next century.
But, is it sound to conclude that boreal forests in general will represent an enduring C sink?  The
answer to this question may depend on processes ignored in both Scholes’ and our analyses.  For
instance if climate change leads to enhanced senescence of living tissue, then C storage will tend to
decrease.  If warming leads to widespread tree mortality, then a large C loss will result (Cao and
Woodward, 1998; Walker et al., 1999).  Another mechanism that may reduce the C sink is the effect
of warming on evapo-transpiration  (Thornley and Cannell, 1996); for example, Cao and Woodward
(1998) predicted NPP decline due to enhanced water stress for tropical forests, but not for boreal
forests.  On the other hand, NPP of water-limited sites may increase because elevated CO2 leads to
improved water use efficiency (e.g. McMurtrie and Dewar, 1999).  A key uncertainty concerns the
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fate of the additional N released at high temperature.  For the simulation shown in Figure 12 we
assumed that all the additional N is taken up by plants.  A current priority in our work with G’DAY
is to test the validity of this assumption and to run simulations with a realistic model of soil N
immobilisation at elevated temperature and CO2 concentrations.

8.5 Modelling the Response of Oak in Southern England to Rising CO2 and Temperature

8.5.1 Model Overview

GROMIT (Growth Model of Individual Trees; Randle and Ludlow, 1998; Broadmeadow et al.,
1999b) is a long term model of forest stand growth working at two temporal scales, obtaining
annual carbon budgets from a mechanistic hourly flux model, and scaling these up to simulate long-
term growth through allocation patterns based upon the pipe model of Shinozaki (1964).  Water
balance, and thus limitation of productivity is inherent in the flux model, acting through a simple
three pool water supply module limiting conductance.  However, nutrient cycling is not included,
and thus limitation of the CO2 fertilisation effect by nutrients is not addressed.  The output of the
model is directed towards forecasting timber production and not ecosystem function.  The impact of
climate change and atmospheric composition changes on the carbon and water cycles are
intermediates in model computations, but the primary objective of these simulations is the accurate
prediction of changes in timber production, resulting in the ability to alter forest management tables
(Edwards and Christie, 1981) for forecasting productivity.  These predictions are for the short to
medium term when placed in the context of ecosystem function, and address commercial rotations
over the coming century.

8.5.2 Climate Data Scenarios

Table 8.10  Climate change scenarios for the 2020s and 2080s produced under the UK Climate impacts Programme by
the UK Meteorological Office and Hadley Centre for Climate Change Research. Data are based on ensemble
means from downscaling the results from the HADCM2 climate experiment. Tmax and Tmin values are changes
in monthly maximum and minimum temperatures (oC), whilst all other data are expressed as % changes in
monthly mean averages of precipitation, vapour pressure, cloud cover and windspeed. All values are
referenced to 1961-90 baseline climate data.

2020s Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Tmax 1.3 1.1 0.9 0.9 1.0 1.2 1.5 1.9 2.1 1.6 1.3 1.3
Tmin 1.4 1.4 1.2 1.0 1.1 1.3 1.4 1.6 1.6 1.4 1.3 1.3
rain 7 8 5 3 2 0 -5 -8 -3 5 8 7
vp 12 11 9 8 8 8 7 6 7 9 11 11
cloud 0 2 2 1 0 -1 -3 -6 -6 -3 -2 -1
wind 2 0 -3 -4 -4 -3 -1 1 3 3 3 3
2080s
Tmax 3.0 2.8 2.6 2.5 2.3 2.4 3.2 3.8 3.8 3.5 3.3 3.2
Tmin 3.3 3.1 2.8 2.6 2.5 2.6 3.0 3.2 3.1 3.1 3.2 3.3
rain 18 17 9 5 0 -13 -25 -19 -5 6 16 19
vp 29 28 24 21 18 15 14 13 16 21 28 29
cloud 1 1 -1 -2 -2 -2 -4 -9 -8 -5 -2 0
wind 2 -2 -4 -2 1 2 3 4 5 4 3 3

Baseline climate data are based upon daily meteorological records from a UKMO (UK
Meteorological Office) weather station operated by the Forestry Commission.  An integral weather
generator within GROMIT, based upon fitting the daily records to a sine function was used to derive
hourly data.  The weather generator was parameterised and validated using (hourly) data from an
automatic weather station for 1996 and 1997 (calibration and validation, respectively; data not
shown).  Future scenarios are based upon results from the HADCM2 climate experiment, which
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have been further down-scaled under the UK Climate Impacts Programme (UKCIP) to the level of a
10 km grid over the whole of the UK (Hulme and Jenkins, 1998).  Monthly means of climatic
variables are given for three, thirty year time slices (2010-2039, 2040-2069, 2070-2099; see Table
8.10), which have been superimposed on the baseline climate data.

8.5.3 CO2 Concentration Scenarios

The medium high scenario from the UKCIPs programme was chosen (Figure 13).  This assumes
equivalent CO2 concentration changes are those used in the HADCM2 GGa scenario (1% increase
per year).  Under this scenario, CO2 is assumed to be responsible for 75% of the total greenhouse
gas forcing resulting in mean CO2 concentrations for the thirty year periods centred on the 2020s
(i.e. 2010-2039), 2050s and 2080s of 447 µmol mol-1, 554 µmol mol-1 and 697 µmol mol-1

respectively.  Past CO2 concentrations are estimated from measurements made in 1935 (307 µmol
mol-1; Friedli et al., 1989), 1956 (313=µmol mol-1; Friedli et al., 1989) and 1978 (342=µmol mol-1;
Keeling et al., 1979).  Linear increases of 1.59 µmol mol-1 a-1 and 1.53 µmol mol-1 a-1 are assumed
for the 1980s and 1990s respectively (IPCC, 1995).

Figure 8.13: CO2 concentration scenario used for model simulations. See text for derivation of scenario.

8.5.4 Model Description

The model, GROMIT, is a combination of modules operating at two temporal scales with the main
aim to focus on changes in timber yield.  Many of the model features and functions are described
and compared with other models in Chapter 6.  This section describes in more detail those areas
which are not described elsewhere.

8.5.4.1 Carbon and water balance
Short-term carbon and water balance are evaluated as described in Chpater 6 using the standard
notations for the models of Farquhar et al. (1980) (photosynthesis), Jarvis (1976) (stomatal
conductance with response functions for light, vapour pressure deficit, temperature, soil moisture
and ambient CO2 concentration) and Penman-Montieth (evapo-transpiration).

200

300

400

500

600

700

800

900

1900 1950 2000 2050 2100 2150year

C
O

2 c
on

ce
nt

ra
tio

n 
(p

pm
)



196

The specific formulation of the Jarvis (1976) stomatal conductance model used here is shown in
equations 8 to 13, with a description of the derivation of parameter values outlined in Chapters 2
and 4.

gs =  min (gsmax  f(I)  f(S) f(T) f(D) f(Ca)), (gs0) (8)
where:

f(I) = (Qz I)/(gsmax + (Qz I) (9)

f(S) = 1- exp(ksm((ssat-s)-(ssat-swilt))) (10)
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f(D) = 1-((D-d1)/(d2-d1)) (12)

f(Ca) = 1-(Ccor (Ca –350)) (13)

where gs is stomatal conductance to water vapour; f(I), f(D) f(T), f(S) and f(Ca) are the stomatal
functions with respect to photon flux density (PFD) (assuming dark stomatal conductance = 0),
vapour pressure deficit, air temperature, soil moisture deficit (assuming T>0) and ambient CO2
concentration, respectively; gs0 is minimum stomatal conductance; Qz is the slope of the light
response curve when I = 0 (= 0.002 mol µmol PFD-1); d1 and d2 are the values of D above and
below which f(D) = 1 and 0, respectively; ssat and swilt are the soil moisture content at field capacity
and wilting point; ksm is the exponential coefficient of the soil moisture deficit response; Tmin, Tmax
and Topt are the minimum, maximum and optimum temperatures for stomatal conductance; Ccor  is
the linear coefficient describing the stomatal response to ambient CO2 concentration.

Since hourly or half-hourly meteorological data are input, the model acts as a basic flux model, (see
Chapter 6), although storage is not assessed.  Hourly inputs also enable localised soil moisture
deficits to be simulated, which may be significant on soils with low hydraulic conductivity.
Photosynthetic parameterisation is required on a layer by layer basis, since nitrogen availability is
not assessed in the current form of the model.  Respiration is calculated on a tissue mass basis for
each of the primary compartments (fine and transport roots, stem and branch sapwood and foliage),
assuming an exponential response of respiration to temperature.  Again, respiration parameters are
required inputs, as nitrogen availability is not simulated

8.5.4.2 Phenology

Date of flushing is critical for modelling the productivity of deciduous species, with one week delay
of budburst potentially corresponding to approximately 10% of NPP.  Several existing models were
examined including the simple thermal time model (Cannell and Smith, 1983), together with those
reviewed by Kramer (1994).  The most effective was found to be the synthesis model of Hanninen
(1990).  This model was parameterised for Alice Holt by minimising residuals against observations
of bud-burst in Oak using data collected between 1972 and 1981 from the International Phenology
Garden Programme (IPG).
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Figure 8.14.  a) Variation in modelled and observed date of budburst at Alice Holt (1972-1981) and Ashtead (1960-
1996). b) linear regression of observed on modelled date of budburst for Ashtead Surrey. (y = 0.85x + 9.2;
r2=0.68). Data for Ashtead courtesy of T. Sparks, Institute of Terrestrial Ecology, Huntingdon, UK).

Figure 8.14a compares modelled date of budburst with that observed at Ashtead in Surrey over the
period 1960-1996 (Sparks et al., 1997).  There is a good correlation (Figure 8.14b; r2=0.68) and the
nine day offset is likely to reflect climatic differences, since Ashtead is within the conurbation of
Greater London.  After budburst, structural and biochemical canopy development is assumed to
proceed over a period of 28 days, with frost damage simulated by a progressive delay of
development if air temperature falls below 0 oC.  The timing of budset, dormancy and senescence is
more difficult to both measure and simulate than budburst, and questions remain as to what should be
modelled; for deciduous species this timepoint may be defined as the (i) the cessation of
photosynthesis (ii) the removal of chlorophyll and other nutrients from the foliage (discolouration),
and (iii) leaf-fall.  Data available for model validation are limited and timing may be influenced by a
large number of variables.  There are few models that predict senescence, mostly based upon
daylength and temperature e.g. Koski and Sievanen (1985).  A mechanistic approach was adopted, that
is related to both daylength and temperature, but assesses the cessation of the growing season as the
time at which the foliage respiration:photosynthesis ratio reaches a threshold value.  Only the
outermost foliage layer is considered and a fourteen point running mean is used to smooth the day to
day variation.  The influence of temperature on senescence is applied through changing the
respiration:photosynthesis ratio by a factor dependent on the length of the period between bud-burst
and any frost event.  Senescence is also induced when the minimum air temperature for three
consecutive days is less than  2 oC.  The timing of budburst and senescence is simulated  in Figure 8.15
for both the baseline and climate/CO2 change scenarios, indicating a significant lengthening of
growing season as a result of both earlier budburst (day 107 vs 120) and later autumn dormancy (day
306 vs 301).

Figure 8.15  a) Model simulation of the date of budburst for the baseline and climate change scenarios according to the
synthesis model of Hanninen (1989). b) Model simulation of the date of cessation of the growing season for
oak according to the respiration:photosyntheis threshold model.
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8.5.4.3 Allocation

Figure 8.16 Relationship between potential carbon assimilation (on a ground area basis) and canopy leaf area index for
two years (1986 and 1997), assuming baseline climate and CO2 concentration scenarios.

The short-term module thus produces a relationship between LAI and potential carbon assimilation
(Figure 8.16) which varies from year to year, dependant on meteorological conditions.  Carbon
balance is then calculated by a functional balance routine, based upon the pipe theory (Shinozaki et
al., 1964) for allocation of carbon as described below.

The growth module of the model initialises trees with either uniform (stand representation) or
unique (individual tree representation) values of height, stem diameter, foliage mass, stem biomass,
root biomass etc.  Fixed allocation patterns enable total leaf area on an individual tree basis to be
derived.  Annual carbon assimilation can then be calculated from the output relationship between
carbon uptake and LAI from the short-term module.  When respiration losses are subtracted, a
proportion of the carbon remains for growth (equation 13).  This growth carbon is a mixture of
storage carbon and recent photosynthate (with a proportion of recent photosynthate replenishing the
stored carbon).

tsgc )( RPpPsSG −−+= (14)
where G is the available carbon for growth, Sc is total storage carbon, sg  is the proportion of carbon
in the store utilised for growth, P is the gross photosynthate, ps the proportion of photosynthate
diverted to the carbon store and Rt is the total maintenance respiration of all the compartments.

Allocation of carbon to the compartments follows the pipe-model theory (Shinozaki et al., 1964).
This assumes that new foliage requires new ‘pipes’ (vascular elements).  Assuming constant
mortality functions, this results in the functional balance of foliage to cross-sectional area of
sapwood in each relevant compartment changing with age.  New foliage (Nf ) is given by

( )gfff 1 RGN −=υ (15)

with vf  the proportion of available carbon for foliage, and Rgf the conversion efficiency (growth
respiration) for foliage.  A similar approach is adopted for new sapwood, branches and transport
roots.

The proportion of carbon used in each compartment (v) must be ascertained so that the pipe-model
functionality is maintained.  For foliage the equation becomes
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and for sapwood, transport roots and branches (i=s,t,b);
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where vi is the proportion of carbon allocated to fine roots, ρi  is the density of woody tissue of type,
i,  Hi is the mean pipe length of the compartment, and φi   is a constant, relating mortality of the
sapwood in compartment i, the mortality of foliage and the relationship between new sapwood and
new foliage.

Using this model of allocation, the growth of individual trees is limited by the carbon balance and
the physical ground area available for each tree to occupy.  Calculations of the projected and
potential areas of individual trees follow the work of Nance et al. (1987).  The outputs of the model
are primarily for forest mensuration purposes are height, diameter, basal area and volume, together
with compartment total and stem biomasses.

Using the modelling approach outlined here, numerous assumptions are made, with the result that
the output represents potential growth rather than predictions of actual timber yield.  This is largely
because stochastic events such as storms, long-term drought and insect and pathogenic effects are
not included in the current version of the model.  Mortality is, therefore, a function of management
practice as laid out in the forest management tables (Edwards and Christie, 1981).  The mean
assumptions made are summarised in Table 8.11.

Table 8.11.  Summary of assumptions made in long term model simulations using GROMIT.

1. Stochastic events such as fire, pest and disease attack are not assessed.
2. Changes in climatic variability (i.e. inter- and intra-annual variation) are not changed.
3 Seed provenance, management intervention and mortality remain unchanged.
4. Oak is modelled with intermediate thinning, GYC 6 following the forest management tables for the baseline

simulation.
5. The physiology and structure of the trees are not affected by rising CO2 or climate change.
6. Canopies are of uniform height.
7. Mortality and thinning are assumed to produce even spacing and uniform size - mortality is not confined to the

weakest trees.
8. Nutrient sustainability has not been assessed in the simulations.
9. CO2 induced stomatal closure is included in the model simulations.

8.5.5 Growth Simulations

Two model simulations were carried out using measured baseline climate data, and the climate and
[CO2] change scenarios outlined in sections 8.5.2 and 8.5.3.  In addition to changing temperature,
these scenarios also include changes to other meteorological variables, and represent the most up to
date scenarios available.  The simulations are carried out for the Straits Enclosure experimental
stand which was planted with a mixture of Quercus robur and Q. petraea during the 1930s (see
Chapter 2).  Simulations of both height and diameter growth overestimate early growth for the
baseline scenario, and diameter growth is underestimated towards the end of the rotation (data not
shown).  This is likely to be a result of the representation of the stand as a number of similar trees.
Thinning is assumed to be carried out according to management tables (Edwards and Christie,
1981), resulting in uniform spacing in the simulation, rather than the removal of weaker trees as
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would occur in reality.  The stand is a permanent sample plot, and at the time of the last
measurements in 1995 (age 60), mean height, DBH and volume were 18.8 m, 20.6 cm and 0.282 m3

respectively.  These values are closer to the model predictions, certainly for height and diameter,
(18.3 m, 20 cm, 0.37 m3) than are the forest management tables for general yield class six (20.2 m,
24.2 cm, 0.41 m3).  The low production of the stand is likely to be a result of sporadic management
intervention, with current tree numbers and production similar to those expected for GYC4.  These
observations, therefore, highlight the importance of descriptions of management intervention for
modelling productivity in commercial forestry.

Figure 8.17  Growth simulations of oak (GYC6) for baseline and climate/[CO2] change scenarios for oak in southern
England. Values from forest management tables (Edwards and Christie, 1981) are also shown.

For the  rising atmospheric CO2 concentration and climate change scenario the 2010 simulation
suggests a relatively large increase in production, with the site index rising from GYC4 - 6 to GYC6
- 8 (Figure 8.17).  This is likely to be a result of both the lengthening growing season (Figure 8.15)
and the CO2 fertilisation effect (CFE). The magnitude of this increase is surprising, because of the
predicted deficiencies in summer rainfall (up to 25%), and increases in evaporative demand.  The
simulations also predict a modest increase in leaf area (mean leaf area index rises from 4.4 to 5.2,
data not shown), which would increase both interception and transpiration losses, making the effects
of the predicted droughts likely to be even more severe (see below).  However, this is compensated
for by the reduction in stomatal conductance in response to elevated [CO2] (Broadmeadow et al.,
1999b; also see Chapter 9).  This increase in LAI would also increase canopy wind resistance and,
coupled with the small increase in mean wind speed, may exacerbate increases in the occurrence of
storm events.

8.5.6 Water Balance

Canopy water use expressed as total transpiration averaged over the entire rotation lengths was 191
mm a-1 and 220 mm a-1 for the baseline and 2010 oak simulations, respectively.  As a consequence
of this and the losses resulting from increased canopy interception, the moisture contents of the top
50 cm of soil during July and August were lower in the 2010 rotation simulation than in the baseline
simulation (average 16% vs. 23%, data not shown).  This indicates the magnitude of the predicted
increase in water use, and also highlights the increase in soil moisture deficits that are predicted.
However, since mortality is assumed to remain unchanged, these simulations do not address the
problem of tree death resulting from long periods of drought.  The importance of modelling water
use under conditions of climate change is further emphasised by the fact that a simulation in which
there was no stomatal closure in response to rising CO2 did not show a reduction in yield as
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compared to the 2010 rotation shown in Figure 8.17.  This suggests that in these simulations,
reduced carbon assimilation as a result of water limitation is compensated for by higher rates of
assimilation (because of a lack of acclimation response to CO2) when water is not limiting, thus
potentially exacerbating the effects of summer droughts. Although evidence from a large number of
studies (reviewed by Ceulemans and Mousseau, 1994; Drake et al., 1997; Curtis and Wang, 1998;
Medlyn et al., Chapter 6) does indicate small but significant reductions in stomatal conductance (~
10-15%) in elevated [CO2] there is also some evidence that for some species of trees, elevated CO2
also reduces stomatal sensitivity to soil moisture deficits (Heath and Kerstiens, 1997) and VPD
(Will and Teskey, 1997; Tognetti et al., 1998; Broadmeadow et al., 1999b).  This last simulation in
which there is no stomatal response to CO2 may therefore not be unrealistic for some species.

Figure 8.18 a) Simulations of annual transpiration for 65 year rotations of oak, assuming baseline and climate/[CO2]
change scenarios. b) Mean soil water content of the top 20 cm of the soil in July and August for the
simulations in a).

8.5.7 Conclusions

The model simulations of the growth of oak in southern England shown here suggest that during the
21st century, there is likely to be an increase in productivity, raising site indices.  This may already
have occurred in the latter half of the 20th century as suggested by Spieker et al., (1996), although it
is difficult to assign changes in productivity to one factor, since there have been concomitant
changes in management practice, silviculture and nitrogen deposition (Broadmeadow et al., 1999a).
Climate change scenarios suggest that in the south of England, water resources may become
limiting, and consequently it is essential that accurate predictions of water use by trees are available,
and that we are able to model the effects of these predicted water deficits on tree growth and their
ability to survive.  The model simulations presented here address potential assimilation and growth
based solely on climatic and atmospheric [CO2] changes, but do not predict the effects of stochastic
events such as drought. In addition, the many indirect consequences of environmental and climatic
change have not been addressed such as changing insect and disease epidemiology, nor has nutrient
availability, which may become limiting as a result of increased growth rates, management practice
or reductions in atmospheric deposition.

8.6 Concluding Remarks

The three long-term model simulations of tree growth presented in this chapter deal with three very
different aspects of the impact of rising temperature and atmospheric carbon dioxide concentrations
on forest and ecosystem function.  The simulations for Scots pine in Finland conclude that under
optimal climatic conditions for the species, rising atmospheric CO2 concentrations will have the
largest effect on productivity, whilst in areas where low temperature is currently limiting
productivity, the effects of climatic warming will be dominant.  Increases in net productivity
resulting from combined climatic warming (+4 oC) and doubling of CO2 concentration amounted to
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25% in southern Finland, and up 60% in the north of the country.  In these boreal forests,
temperature is often the limiting factor to productivity, and consequently, the lengthening of the
growing season was the primary reason for predictions of increased productivity.  The effect of
changing temperature on nitrogen transitions and availability was simulated, and indicated an
overall reduction in availability in the north of Finland.  However, since total atmospheric
deposition of nitrogen was assumed to amount to 20 kg ha-1 a-1, a high value for the northern boreal
forests with a mean value of only 3.3 kg ha-1 a-1 reported by EC – UN/ECE (1999), nitrogen
limitation is unlikely to have been a factor in these simulations.  Soil/plant nitrogen and carbon
interactions were dealt with in great detail for the site at Flakaliden.  Here, nitrogen availability is
the primary limiting factor of productivity and assumptions regarding litter quantity, quality and
decomposition, together with mineralisation rates led to varying predictions regarding NPP and
ecosystem sink strength.  The G’DAY simulations illustrate the importance of plant-soil feedbacks
in determining the long-term response of C storage to rising temperature and CO2.  G’DAY predicts
that a temperature rise at Flakaliden will lead to a transient increase in soil carbon loss, but that this
effect will soon be outweighed by increased plant productivity resulting from enhanced nitrogen
mineralisation. Our work suggests that the Flakaliden site is likely to remain a C sink in the future;
this result is in contrast to recent claims that the C sink in forest ecosystems may soon saturate
because plant respiration and decomposition are exponential functions of temperature while
productivity is a saturating function of CO2 concentration.

In contrast to the simulations at the two boreal sites, the simulations of the growth of oak in England
highlight the importance of water balance, and indicate significant increases in productivity
resulting from increases in atmospheric CO2 concentration and rising temperature, assuming no
nutrient limitations.  These increases were, as in the case of the FinnFor simulations, a result of both
the lengthening growing season and the CFE.  However, as in all simulations of growth at this stage
of model development, these should be viewed as potential growth effects, since other factors may
limit any long-term growth effects.  This is highlighted by the fact that the three sets of simulations
are to a large extent, represented by temperature, nutrient and water limitation.  Thus, geographical
location and the identity of the limiting factor(s) have a large influence on predictions of stand and
ecosystem function, and general, or broad-brush statements regarding the effects of rising
temperature and CO2 concentration should be viewed with some caution.  However, the simulations
presented here do indicate a general increase in productivity across all sites, and certainly in the
short to medium term (up to 100 years), do not suggest that sink saturation will occur as a result of
temperature effects on respiration out-weighing the CO2 fertilisation effect on photosynthesis.  The
model processes are well defined and described, although model development is still required to
simulate interactions resulting from changes in the impacts of pests and pathogens, for example.  In
addition, particularly when modelling commercial productivity of semi-natural forests, an improved
analysis of climate-driven mortality is required, together with further stand scale validation of the
CO2 fertilisation effect on mature trees.
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CHAPTER 9:
RESULTS FROM RECENT EXPERIMENTS

Compiled by R. Ceulemans and D. Overdieck

9.1 Overview of Experiments

9.1.1  Mini-ecosystems

Whilst the main emphasis has been on data analysis and modelling, the experimental programme
has continued on a reduced scale and is summarised here Partner by Partner.  Experiments were
done in mini-ecosystems with saplings of Fagus sylvatica L. and Quercus robur L. in the garden of
the Institute at the Technical University of Berlin and with  F. sylvatica L seedlings in the garden of
the University Paris-Sud. Both facilities differed technically: in Paris open systems and in Berlin
closed systems were used.

The Berlin equipment consisted of six mini-ecosystems each covering a ground-area of 0.8 x 0.8 m2

and containing a block of 0.4 m3 nutient rich garden soil. The aerial parts of the mini-greenhouses
were renewed each year in order to follow the growth of stands starting with volumes of 1 m3 and
ending up with 3 m3. These mini-ecosystems were climatized according to the recorded outside
microclimate and were used to measure the total CO2 gas exchange rates of the sapling stands
(inclusive of the rooted soil compartments) continuously over three vegetation periods in 350 and
700 µmol mol-1 CO2 concentration.

The Paris equipment consisted of four open-sided, ventilated chambers (see section 9.4 for details).
Two of them were supplied with ambient air and two with ambient air + 350 µmol mol-1 CO2. This
experiment started with seedlings. Surface ground-area was about 1.9 m2 and the total height
amounted to 1.9 m. Two of these open-sided chambers were designed for continuous gas exchange
measurements by recording the air-flow through the chambers together with the CO2 and H2O
concentration of the air entering and leaving the chamber. Temperatures were significantly higher in
the chambers compared with outside so that, in addition to CO2 effects, warming effects were
investigated.

At both sides classical growth parameters were also studied in the chambers and open plots. In
addition, in Berlin gas exchange measurements were made with a WALZ-cuvette on adult trees of
Pinus sylvestris L. and Quercus robur in the forest Grunewald and in a 90-year-old beech stand in
the Botanical Garden of Berlin-Dahlem.

9.1.2 Open-top chambers

At five other experimental sites open-top chambers were used.

At Edinburgh, three main elevated CO2 exposure sites were utilised (see below). Long-term
experiments were carried out at the Glendevon field site while two sites on the University campus at
The King’s Buildings were used to for short-term experiments.

Glendevon Site (GD).  The Glendevon site was owned by the Forestry Commission and jointly run
by them and the University of Edinburgh.  It consisted of 16 large (3 m diameter by 3.5 m tall)
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open-top chambers, eight of which received elevated CO2 concentration (ambient + 350 µmol mol-1

CO2). The ground area within each chamber was divided into four quadrants two of which received
a high rate of nutrient supply in water while the remaining two only received water.  Trees were
planted directly into the native forest soil within the chambers.  During the period of this project a
number of different experiments were done within these chambers.  Long term experiments (from
four years) with alder, Scots pine and Sitka spruce and short-term experiments (two years) with
alder and birch.  The main strengths of the site were that the young trees were planted into the forest
soil, and the upland climate which is typical for UK forestry.  Long-term, continuous treatment
application was also an asset.

Glasshouse (GH).  This facility consisted of a large unheated glasshouse on the Edinburgh
University King’s Buildings campus containing twelve small open-top chambers, six of which were
used for an experiment to investigate the effect of CO2 concentrationand nutrient supply on small
pot-grown Sitka spruce trees over the course of 1995.  Half of the trees were grown in sand and the
other half in a potting compost.  The use of pot-grown trees grown in an inert, carbon free medium
(sand) allowed close control over nutrient supply and permitted determination of whole plant CO2
exchange with above- and below-ground fluxes measured independently.

Outside Plots (KB)  In 1996 a set of 12 small open-top chambers were installed in the garden at the
King’s Buildings site.  These chambers were used to investigate the response of Scots pine to CO2
and water availability during 1996-97.  Trees were grown from seed in large pots, half of the trees
were subjected to a progressive drought, rewatered and given a second drought while the remaining
trees were maintained at field capacity.  The use of potted trees allowed control over water supply
and the accurate determination of transpiration measured gravimetrically.

The primary goal of the experimental work was to identify processes and quantify responses that
are particularly sensitive to changes in atmospheric CO2 and to enable predictions of future tree
response to climate change.  We have continued with the following programme:

•  to examine the effects of elevated (+ 300 µmol mol-1) and ambient CO2 on the above- and
below-ground growth, gas exchange, water relations and biochemistry of carbon and nitrogen
allocation and partitioning of trees grown with or without controlled rates of added nutrients;

•  to distinguish between non-structural carbohydrate accumulation caused by sink limitation,
enzyme inhibition or by limitations to phloem loading (i.e. vessel number and size) and to relate
this the changes in rates of photosynthesis, respiration and partitioning of carbohydrates and
nitrogen compounds;

•  to examine the allocation and partitioning of nitrogen and carbon to different plant parts and to
different compounds and interaction between nitrogen and carbon-based compounds; and

•  to identify processes and quantify responses that are particularly sensitive to changes in CO2,
nitrogen and/or season.

In Montalto di Castro (Italy) clumps of a Mediterranean evergreen 'high-macchia'-ecosystem were
enclosed in six large open-top chambers (diameter 4 m, height 6 m). Each clump of vegetation
consisted , on the average, of two Quercus ilex L. trees, four Phyllyrea angustifolia L. and seven
Pistacia lentiscus L. shrubs. Air flow rate of 12,000 m3 h-1 inside changed the air volume 2 to 3
times per minute. CO2 concentration of the air inside was either ambient or ambient + 350 µmol
mol-1. Continuous enrichment of CO2 was started in February 1992 (24 hours/day) and has
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continued until the present time.  Growth, anatomy, gas exchange and a selection of
photosynthetically relevant chemical components of leaves from all the species were studied.

In Headley II ( Farnham, United Kingdom) two-year-old saplings of Quercus petraea (Matt.)
Liebl., Fraxinus excelsior L.  and Pinus sylvestris L. were planted, after acclimation in 350 and 700
µmol mol-1 CO2 in greenhouses, into 16 open-top chambers and four outside plots. Each chamber
was divided into three sectors, with ash planted to the north to reduce self-shading. Two harvests
were carried out in Dec. 1995, four plants/species/chamber were removed, the remaining plants
were harvested in January 1997.  In Headley III seedlings of Quercus petraea, Quercus robur and
Quercus rubra L. were acclimated in greenhouses to the same two CO2 concentrations for one
growing season and then planted in the ground within 16 open-top chambers and in four open plots.
The two native oak species were inter-planted, whilst Q. rubra was planted in a north facing sector
of the chamber. During the first year the chambers were fumigated with ambient air, elevated [CO2]
and [O3] (alone and in combination with CO2). For 1995 drought was added to the experimental
design through the use of eight additional chambers. Airflow through the chambers resulted in a
mean difference from outside of 2.4 °C (mean maximum daily temperature was 5 °C higher). No
temperature differences were observed between the ambient and elevated [CO2] chambers. The
open-top chambers and outside plots were irrigated separately to account for differences in
intercepted rainfall and evapo-transpiration. Growth parameters at tree scale and gas exchange
characteristics at leaf scale were determined in all cases.

The experimental site of Vielsalm ('Grand Bois'), Belgium consisted of eight open-top chambers
and four open control plots. Each experimental unit consisted of 22 Picea abies (L.) Karst. saplings
with an average height of 1 m at the start (1994). Each of the units was randomly divided into two
sub-units to investigate combined effects of elevated [CO2] and temperature. In addition, two
fertilization treatments were applied from May 1995 onward: 11 trees were fertilized optimally (F)
to meet their leaf nitrogen targets (Linder and MCDonald, 1994), whilst the 11 remaining trees were
irrigated (I) with the identical amount of water serving as controls. CO2 concentrations inside the
chambers were 700 ± 65, 583 ± 50, 467 ± 35 and 350 ± 21 µmol mol-1 and mean annual
temperature was about 1.5 °C higher than outside.  Each treatment was duplicated. Above- and
below-ground biomass were determined for all the main plant components and growth was studied
in detail.

Four decagonal (∅ : 3 m, height: 4 m) open-top chambers were used on the campus of the
University of Antwerp, Belgium for Pinus sylvetris L. seedlings of 0.4 m height at the time of
planting (March, 1996). They were planted into a 0.5 m deep forest soil, in a circular planting
pattern, 70 cm apart from each other and from the walls. To reduce lateral exposure each chamber
was surrounded by seedlings of the same seed lot. Axial fans created two air volume changes per
minute  and CO2 concentrations were regulated to ambient + 350 µmol mol-1 in two units and to
about 750 µmol mol-1 in the other two open-top chambers. CO2 enrichment was continuously
maintained on a 24 h basis through the winter. No nutrients or water were supplied during the
course of the experiment.  Gas exchange was measured and  selected chemical components were
determined at the leaf scale.  At the tree scale phenology, growth (inclusive development of crown
structure) and biomass allocation were investigated. In addition, soil nitrogen concentrations were
determined.

9.13 Controlled environment chambers

At the Institute of Terrestrial Ecology, Edinburgh, eight CO2 exposure chambers were used in 1997
and 1998 to expose seedlings of beech and Sitka spruce continuously to two different atmospheric
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CO2 concentrations, 355 µmol mol-1 (ambient [CO2] treatment) and 700 µmol mol-1 (elevated [CO2]
treatment).  There were four chambers per [CO2] treatment each consisting of a wooden frame with
polythene walls, measuring 1.5 m wide x 1.5 m deep x 1.0 m high.  Four of the eight chambers were
held within an unheated glasshouse, and four located immediately outside the glasshouse, thus
providing two differing temperature regimes.  Ambient air or ambient air supplemented with
additional CO2 was pumped directly into each chamber via a polythene manifold 90 cm above
ground level

Beech seedlings and Sitka spruce seedlings which were raised under ambient or elevated CO2
concentrations for 16 months were were randomly placed in one the of eight CO2 exposure
chambers, in their previous growth [CO2], giving 10 seedlings per species per chamber.  Balanced
nutrient solutions were supplied to half the plants from each species in all eight chambers, on a
weekly basis throughout the growing season to match the addition rates of nutrients to plant growth
rates (Ingestad and Lund, 1986).  The experiment was designed as a 2 x 2 factorial with CO2
fumigation treatments of ~355 and ~700 µmol mol-1 CO2, and chambers placed in and outside
glasshouses as a temperature treatment.  In addition, two nutrient regimes (0 and 2 times optimum
nutrient solution) were nested within the experimental design.

Modifications have been made to allow the use of Conviron growth cabinets (as large cuvettes, thus
facilitating the measurement of whole ‘canopy’ CO2 exchange rates.  Essentially, CO2 exchange of
the canopy including and excluding the soil component is measured by sealing the Conviron and
measuring its decay or increase rate over a fixed period.  Both in situ and Conviron gas exchange
measurements were made using a portable closed photosynthesis system (LI-6200, Li-Cor Inc.,
Lincoln, NE, USA). A purpose built light source was used with the 0.25 dm3 chamber to provide
saturating PPFD.  For a full technical description of the light source see Rey (1997).

9.1.4 Long-term facilities

Sets of individual, single tree chambers, with control of [CO2] and temperature, for large trees
growing in natural stands have been implemented at Flakaliden in northern Sweden for Norway
spruce and at Mekrijärvi in central Finland for Scots pine (see Chapter 2 for details of the sites).
There are 12 chambers at the Swedish site and 16 chambers at the Finnish site, half with ambient
conditions and half with elevated [CO2] and temperature (HadCM2).  These chambers are used both
for long-term exposure to elevated [CO2] and as whole-tree gas exchange chambers.  In the Swedish
chambers there are separate above- and below-ground compartments allowing for independent
extimates of gas exchange.  Within both sets of chambers at both sites, measurements are also being
made on shoots and branches of photosynthetic and respiratory processes.

At Bily Kriz in the Czech Republic, young stands of Norway spruce are being grown in elevated
atmospheric [CO2] in so-called mini-biospheres, large chambers (ca 12 x 12 m) encompassing
stands of young trees.  Air flows from outside through the chambers guided by louvres, the CO2
concentration is monitored and CO2 is added to maintain an additional 350 µmol mol-1 within the
stands.  The trees have been planted at about half normal commercial spacing and the stands are
being grown through to canopy closure with regular monitoring of growth processes to determine
the effects of canopy closure on the responses to elevated [CO2].

Full details of these facilities are given in Chapter 11.
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9.2 Contribution from the University of Edinburgh (Partner 01: Craig Bartin, Gail Jackson,
Ana Rey, Maree Lucas, Vicky Temperton, Mauro Centritto, Anne Aitken and Paul
Jarvis)

9.2.1 Hypotheses addressed

•  Does elevated CO2 lead to more nitrogen uptake even though there may be tissue dilution?
•  Are bud burst, but set (i.e. the length of the growing season) and leaf senescence and longevity

affected by interactions between nutrition and elevated CO2?
•  Does elevated CO2 inevitably lead to nutrient dilution and enzyme limitation or will nitrogen

use efficiency be increased in the long term?
•  Is up- and down-regulation of photosynthesis a regular seasonal phenomenon resulting from

sink limitation mediated by excess carbohydrate accumulation or nutrient limitation leading to
changes in the leaf pool or regulation of Rubisco?

•  Can changes in Rubisco in elevated CO2 be interpreted as an optimisation of the nitrogen use by
the plant?

•  Are changes in allocation between roots, stem and leaves responses to enhanced CO2 or to
limiting nitrogen?

•  Do qualitative and quantitative changes in carbohydrates and amino acids occur in elevated CO2
and is this related to nitrogen availability?

•  Why does elevated CO2 increase respiration in some experiments and decrease respiration in
other experiments?  Are there differences in short- and long-term effects of elevated CO2 on
respiration?  Are there significant interactions with nutrition?

•  Why in some experiments is there acclimation of stomatal conductance so that conductances in
elevated CO2 are similar to those in ambient CO2, whereas in other experiments conductance is
lower in elevated CO2?  Does elevated CO2 change the sensitivity of stomata to other
environmental variables or pollutants?  How is water use efficiency affected?

•  How will CO2 enrichment and nitrogen fertilisation influence decomposition and nutrient
cycling?

Table 9.1  Experiments carried out during the course of the project.

Code Long Term Species Dates of
experiment

Length of exposure
including pretreatment

Treatments

GD-SS Glendevon Sitka spruce Mar ‘93 - Oct ‘97 5 years CO2 x nutrient
GD-SP Glendevon Scots pine May ‘94 - Oct ‘97 4 years CO2 x nutrient
GD-AL Glendevon Alder May ’94 - Oct ‘96 3 years CO2 x nutrient

Short term
GH-SS KB Glasshouse Sitka spruce Apr ’95 - Nov ‘95 2 years CO2 x nutrient (sand or soil)
KB-SP KB outside Scots pine May ’96 - Sept ‘97 2 years CO2 x water
GD-sAl Glendevon Alder Nov ’96 - Oct ‘97 2 years CO2 x nutrient
GD-sBi Glendevon Birch Nov ’96 - Oct’ 97 2 years CO2 x nutrient

9.2.2 Growth Response

Growth in elevated CO2 concentration typically led to an enhancement in dry mass production of
the trees, as did increased nutrient availability, and on occasions the effects were additive (Figure
9.1).
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Figure 9.1  Dry mass of Scots pine trees at harvests during the last two years of the experiment GD-SP.  A and E
indicates ambient and enhanced CO2 concentrations respectively; H and L high and low rates of nutrient
supply, respectively.  Means ± 1 SE, n = 4.

However the influence of nutrient availability on the degree of this growth enhancement was less
consistent.  In some cases a high nutrient availability increased the effect of CO2, for example in all
experiments with Sitka spruce, while in others the reverse was true and in some species both
responses were observed (Figure 9.2).
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Figure 9.2 Ratio of total dry mass in elevated CO2 to that in ambient CO2 at the final harvest of each experiment.  H and
L indicates added nutrient or no added nutrient, respectively.  W is watered and D droughted for the KB
Scots pine experiment.  The numbers in parenthesis are the number of years of exposure to the CO2
treatment.  Stars indicate significance level for the difference between ambient and elevated dry mass  (* p <
0.05, ** p < 0.01, *** p < 0.001).

Taking the long-term alder experiment at Glendevon  as an example, the seedlings were germinated
into elevated CO2 in spring 1993 and were planted into the OTCs at Glendevon in May 1994.  The
final harvest took place in October 1996, when the trees had been growing in elevated CO2 for three
and a half years.  Throughout the experiment nine harvests were made.  Table 9.2 below shows the
results from the statistical analysis of the effects of CO2 and nutrient treatment for each harvest on
total tree biomass.

On every occasion total biomass was enhanced in elevated CO2.  Throughout 1995 this generally
was a significant effect (the exception being August 1995), with the significant differences mostly a
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result of significant enhancement of root biomass.  The difference between the treatments became
less marked (hence the P values increased) throughout 1996, until at the final harvest, after three
and a half years in elevated CO2 there was very little difference between the treatments (Figure 9.2).
Interestingly on almost no occasion was there any significant effect of the nutrient treatment on tree
total biomass.  This may be because alder is capable of nitrogen fixation and was not nutrient
limited in the low nutrient treatment.  Other details of the final harvest showed no differences
attributable to either the CO2 or nutrient treatments in total leaf area, specific leaf area, and root
biomass.

Table 9.2 Statistical analysis of the effects of CO2 and nutrient supply for each tree harvest on total biomass of alder in
the long-term experiment.  * Results are for above ground total biomass only.

Harvest Date Month Harvest DateYear CO2 P value Nutrient P value
September 1994 0.03 0.73
April 1995 0.07 0.26
June 1995 0.03 0.18
August 1995 0.26 0.96
December 1995 0.01 0.13
April 1996 0.63 0.10
* May 1996 0.12 0.29
* July 1996 0.03 0.02
October 1996 0.92 0.25

The two-year-old Scots pine saplings grown in large pots at Edinburgh University were subjected to
a five week drought.  They were then rewatered and their recovery monitored, after which a further
five week drought was imposed.  The relative growth rate (RGR) was significantly increased in the
elevated CO2 treatment during their first month of growth following germination (p < 0.011).  There
were then no significant differences throughout the remainder of their first growing season (harvest
were made weekly) or throughout the second season.  There was a significant reduction in growth
rate as a result of the drought as would be expected.  The total tree biomass was 34.1% greater in
the elevated CO2 treatment (Figure 9.1).  Leaf area and stem diameter were significantly enhanced
in the elevated CO2 treatment, but there was no difference in height between treatments.

9.2.3 Allocation Response
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Figure 9.3   Allocation of dry mass at final harvest for a number of experiments, see Table 1 for length of exposure to
treatments.
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For the plants grown rooted in the ground in the OTCs at Glendevon, there was little or no
consistent effect of CO2 or nutrient treatment on allocation (Figure 9.3) in contrast to much earlier
work with plants grown in pots.

9.2.4 Gas exchange at leaf scale

CO2 is the substrate for the carboxylation enzyme Rubisco and increasing the atmospheric CO2
concentration tends to lead to an increase in the concentration of CO2 at the site of carboxylation
within chloroplasts leading to an increase in the rate of carboxylation.  Furthermore, there is a
competitive balance between CO2 and O2 for the active sites on the enzyme and increasing the CO2
concentration relative to the O2 concentration moves this balance in favour of carboxylation,
leading to a reduction in photorespiration and an increase in CO2 assimilation rate.  Thus exposing a
plant to an elevated CO2 concentration tends to lead to a direct increase in photosynthetic
performance.  However, the increase in carboxylation rate may alter the balance between
carboxylation and light harvesting and electron transport within the photosynthetic system and the
plant may acclimate by reducing the amount or activity of Rubisco in favour of light harvesting and
electron transport processes.  Furthermore, where there is a fine balance between photosynthate
production and nutrient acquisition an increase in the efficiency of the leaves at photosynthesis may
lead to changes in allocation patterns in favor of root growth and nutrient uptake.

9.2.4.1  Photosynthetic Performance

Light saturated photosynthetic rates (Amax) were always higher (30-100%) in plants growing in
elevated CO2 than those growing in ambient CO2, when measured at their respective growth CO2
concentrations regardless of nutrient treatment or species (
Figure 9.4a).
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Figure 9.4a  Ratio of Amax of elevated CO2 trees to Amax of  ambient CO2 trees when measured at their respective growth
CO2 concentrations.  Stars indicate significance level for the difference between ambient and elevated Amax (*
p < 0.05, ** p < 0.01)

In the long-term Scots pine and alder experiments at Glendevon, there was a significant
enhancement of photosynthesis in the elevated CO2 treatment during 1996 and 1997 (when
measured at the growth concentrations) (Figure 9.4).  Surprisingly there was no difference in rates
as a result of the nutrient treatment.  Rates were also consistently enhanced (and usually
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significantly enhanced) in the elevated CO2 throughout the two droughts and the rewatering period
for the two-year-old Scots pine growing in large pots at the University.  As the droughts became
more severe the rates declined to almost zero in both CO2 treatments, but the decline was earlier in
the elevated CO2 treatment.   Following rewatering the rate recovered to predrought levels in three
days.
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Figure 9.4b  Ratio of Amax for elevated CO2 grown to Amax for ambient CO2 trees measured at 350 µmol mol-1 CO2 for
three species in August.
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9.2.4.2  Photosynthetic Acclimation

Significant acclimation of photosynthesis in the elevated CO2 treatment occurred in the early part of
the season for the long-term Scots pine experiment at Glendevon (Figure 9.7a).  However towards
the end of the season this effect was not apparent.  Significant acclimation on each measurement
occasion at the end of the season was found for the long-term alder experiment at Glendevon
(Figure 9.4a).

As would be expected, both the maximum rate of carboxylation, Vcmax, and the light and CO2
saturated rate of photosynthesis, Asat, correlate strongly with leaf nitrogen concentration as shown in
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Figures 9.5 and 9.6, respectively, but in both cases the relationship is independent of growth [CO2].
The fact that all treatments fall on the same line, which passes close to the origin indicates that the
Vcmax/leaf nitrogen ratio is the same, regardless of growth [CO2] or nutrient supply.  This suggests
that observed acclimation of photosynthesis to nutrient and [CO2] can be explained by changes in
leaf nitrogen concentration, associated with changes in Rubisco amount.
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9.2.4.3  Response of Stomatal Conductance

During 1997 the stomatal conductance throughout the growing season of the four-year-old Scots
pine growing in the large open top chambers at Glendevon was measured on current year needles
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and previous year (C+1) needles.  There was no significant difference in conductance, in both
needle classes, attributable to either the CO2 treatment or the nutrient regime at any time throughout
the season (Figures 9.4b and 9.7b).

The stomatal conductance of three-year-old alder growing at Glendevon was measured throughout
the 1996 growing season and found to be reduced by the CO2 treatment on all occasions, but only
significantly so in August.  There was no difference in conductance as a result of the nutrient
treatment (Figures 9.4b and 9.7b).

Throughout both droughts and the rewatering period the two-year-old Scots pine saplings in large
pots at the University showed no consistent difference in stomatal conductance as a result of the
CO2 treatment in both the watered and droughted treatments.  Conductance in both CO2 treatments
declined at similar rates throughout both droughts to almost zero, and following rewatering both
CO2 treatments took five days to recover to predrought conductances.
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9.2.4.4  Physiological Responses Including Chlorophyll, Nutrients, Starch, Solute Potential, Turgor
Pressure and Water Potential

Throughout 1996 the chlorophyll concentrations of the leaves of the three-year-old alder at
Glendevon were similar on a dry mass basis in both the CO2 and the nutrient treatments, although
there was a trend towards decreased chlorophyll b in the elevated CO2 treatment towards the end of
the season.  In contrast over the same period, the nitrogen concentrations of the leaves were
consistently lower in the elevated CO2 treatment whereas the starch concentrations of the leaves
were consistently higher in the elevated CO2 treatment.  This was significant early in the season, but
became less pronounced during August and September.

There was no difference in nitrogen concentrations between CO2 treatments for the C + 1 needles of
the four-year-old Scots pine at Glendevon in 1996 and the starch concentrations were very similar
between CO2 treatments, with a significant enhancement in elevated CO2 only during July.

The water potential, solute potential and turgor pressure were measured throughout the 1996
growing season for the three year old Scots pine and the three year old alder at Glendevon.  There
was never any differences in water potential asmongst the trees attributable to either the CO2
treatment or the nutrient treatment.  Water potential never fell below -1.2 MPa indicating that the
trees did not experience water stress.  However, the solute potential of the alder was consistently
lower in the elevated CO2 treatment than in the ambient treatment, but this was not the case for the
pine.

The needle water potentials of the two-year-old Scots pine at Edinburgh University exposed to
drought were similar in the two CO2 treatments.  As would be expected, the water potentials
declined dramatically during the drought to -2.2 MPa and recovered following rewatering to
predrought levels in less than 17 hours.  The needle solute potential of the droughted trees was,
however, significantly lower in the elevated CO2 treatment.  Following rewatering the solute
potentials never recovered to predrought potentials, and during the second drought were again lower
in the elevated CO2 treatment.

Transpiration rates of the two-year-old Scots pine in at Edinburgh University were measured
gravimetrically.  On almost every measurement occasion in both the watered and droughted
treatments the rates were lower in elevated CO2 than in ambient CO2 (Figure 11).  Rates declined
throughout the droughts and recovered following rewatering, but not to the predrought rates.

9.2.4.5 Below-ground Responses

Response of mycorrhizas

Evidence from previous experiments done at this University have shown the importance of
considering the impact on belowground processes when trying to understand the response of whole
trees (Rey and Jarvis, 1997, Wang et al, 1998).  Much of the extra carbon fixed in elevated CO2 is
allocated below the ground and there is a clear need to evaluate how this will affect mycorrhizal
populations in association with host trees and other micro-organisms present in soils.  Furthermore,
we have evidence showing that physiological changes in trees as a consequence of long-term
growth in elevated CO2 lead to changes in the populations of ectomycorrhizal fungi (ECM)
associated with trees (Rey and Jarvis 1998).  Our hypotheses were: (1) growth in elevated CO2 will
favour the association with ECM since fungi depend on the carbon supply by the plant which is
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increased in elevated CO2,  (2) this effect would be maximum in low nutrient conditions, (3) this
effect will show a seasonal variation, (4) long term growth in elevated CO2 will lead to a change in
the species composition of the population of ectomycorrhizal fungi associated with the trees,and (5)
elevated CO2  will enhance microbial activity and biomass as a consequence of the extra carbon
exuded to soil, main substrate for the microbial populations.  We carried out an experiment in
Glendevon, where the Sitka spruce and Scots pine plants were considered ideal to test these
hypotheses.
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Figure 9.8a  Percentage of dead mycorrhizal root tips associated with Sitka spruce and Scots pine during the growing
season.  Each bar represents the mean ± 1SE (n = 4) of each treatment.

All root tips were mycorrhizal so we counted the number of dead root tips and the number of live
tips infected by different species to test whether growth in elevated CO2 led to changes in species
composition (data not yet analysed).  Trees of both Sitka spruce and Scots pine grown in elevated
CO2 had significantly more (P < 0.05) living mycorrhizal root tips in the middle of the season
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(Figure 9.8a) and the same tendency was observed throughout the growing season.  No apparent
nutrient effect was observed, possibly because of the small replication of the study.
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Figure 9.8b  Microbial biomass determined with the Fumigation-extraction method during the growing season in the
rhizosphere of Sitka spruce and Scots pine.  Each bar represents the mean ± 1SE (n = 4) of each treatment.

Microbial populations

Preliminary results indicate that growth in elevated CO2 resulted in a significant increase in
microbial biomass and activity (Figure 9.8b) at the middle of the season when the trees were
actively growing and the photosynthetic rates were maximum.  No clear differences were observed
at the beginning of the season and at the end of the season when the physiological activity of the
trees was low.  Nutrition did not have a consistent effect on any of the variables measured possibly
because of the large variability associated with these variables and the small number of replicates (n
= 4).



225

Soil CO2 efflux
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Figure 9.8c  Soil CO2 evolution after one week of incubation at 25 °C during the growing season for Sitka spruce.  Each
bar represents the mean ± 1SE (n = 4) of each treatment.

Measurements of soil CO2 efflux within the Glendevon chambers have shown soil respiration rates
to be up to twice as high in elevated as in ambient [CO2].  This correlates with the estimates of
microbial biomass (Figure 9.8c).



226

These results confirmed previous observations on birch (Rey et al.  1997) and in other species and
show that elevated CO2  has important effects on the organisms associated with trees which could
have several consequences at the ecosystem level.  Mycorrhizal hyphae are important sinks for
photoassimilates and benefit the trees by enhancing nutrient uptake.  Sink strength and nutrient
limitations are two of the main explanations for the reduction of the positive response to CO2 that
has been observed in some long-term experiments.  An increase in microbial activity and changes in
the microbial populations in the soil could cause changes in rates of mineralisation of organic
matter leading to the release of nutrients and carbon.

9.2.5 Conclusions

9.2.5.1 Growth and allocation

1. Typically, growth in elevated [CO2] for up to five years leads to increases in plant mass of up
to 60%, e.g. 58% in birch, 59% in alder but species differ.  Spruce and pine respond less with
increases of up to ca 30%.  The difference between these species very largely results from the
difference in the pattern of growth.  Growth of the broad leaves is indeterminate whereas the
conifers have determinate growth (i.e. they produce one flush of leaves each year).

2. In general, the stimulation to growth occurs during the first year, after which specific growth
rates become independent of [CO2] but are dependent on nutrient supply.

3. When trees grown in ambient and elevated [CO2] are compared at the same size (rather than
at the same time), there is little difference in allocation of mass within the saplings.  The
primary effect on growth is acceleration of ontogony with only minor changes in allocation
and tree form.

9.2.5 2 Nutrition

4. Depending on the soil, supplying nutrients increases growth and leaf nitrogen content by up to
25%.  This response is additive with respect to the response to elevated [CO2]: the interaction
term is generally not significant.  Thus, a 27% effect of [CO2] plus a 22% effect of nutrition
results in an overall effect of 59% (the difference between growth in ambient [CO2] with no
nutrient addition and in elevated [CO2] with nutrient addition).

5. In spruce, a larger proportion of the CO2 fixed in photosynthesis is respired by roots and soil
heterotrophs when nutrients are in short supply than when freely available and this effect is
enhanced in elevated [CO2].

6. Growth in elevated [CO2] with free nutrient supply leads to a stimulation of photosynthesis of
30 to 40%.  When nutrients are in short supply, stimulation still occurs but to a lesser extent.
The effects of N supply and atmospheric CO2 concentration again are largely additive.
However, even with continuous nutrient supply in irrigation water throughout the growing
season, leaf [N] are less in elevated [CO2] than in ambient [CO2] and some acclimation of rate
of photosynthesis occurs (up to 20%) after three years growth.

7. Labelling the nitrogen supply with 15N in August showed rapid uptake of larger amounts of
nutrients in elevated [CO2]  than in ambient [CO2]  in both alder and Scots pine.  The
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additional N taken up is stored overwinter largely in the stems in alder and throughout Scots
pine, and makes a significant contribution to new leaf growth in the following year (25% in
elevated [CO2]  against ca 10% in ambient [CO2] ).  Nitrogen for new leaf growth comes from
the previous year’s needles in pine, but from the stems in alder.

9.2.5.3 Secondary metabolism

8. Elevated [CO2] increases total non-structural carbohydrates of leaves largely as a result of
starch accumulation (up to 100%) and this contributes to the observed decrease in leaf
nitrogen concentration (15% on average in birch).

9. Amounts of chlorophyll, Rubisco and soluble protein are lower in leaves of saplings grown in
elevated [CO2] than in ambient [CO2], particularly on a leaf area basis, but effects on soluble
sugars are small.

10. Growth in elevated [CO2] does not affect the concentration of total phenolics in leaves
(although the concentration of condensed tannins was consistently increased in birch).

9.2.5.3 Water supply

11. There is an interaction between water use and nutrient supply.  Instantaneous water use
efficiency is higher in elevated [CO2] than in ambient [CO2] and when nutrients are freely
available than when they are in short supply.  The highest water use efficiency occurs in
elevated [CO2] with free nutrient supply in spruce, the lowest in ambient [CO2] with low
nutrient supply.

12. Whilst growth in elevated [CO2] does lead to reductions in stomatal conductance, these are
less than in herbaceous plants.  Despite these reductions (e.g. 21% in birch) stomatal
limitation of photosynthesis is less in elevated than in ambient [CO2].

9.2.5.4 Root system processes

13. Compilation of the annual carbon budget of birch shows that three times as much assimilate is
transferred to the roots in elevated [CO2] compared with ambient [CO2].  Growth in elevated
[CO2] enhances the development of fine roots, microbial populations and mycorrhizal
associations and may lead to the production of Basidiomycete fruit bodies in association with
the roots.

14. The roots of alder (a nitrogen-fixing tree) have more, but smaller, nodules with a higher N-
fixing capacity where the trees are grown in elevated [CO2] than in ambient [CO2].
Nonetheless, the growth of alder responds to nutrient addition (a 14% increase) when grown
in elevated [CO2].

15. Higher rates of ‘soil’ respiration (from roots and heterotrophs) occur around trees growing in
elevated [CO2] than in ambient [CO2].  This efflux potentially compensates for the enhanced
influx in photosynthesis so that net ecosystem production is proportionally less than net
primary production of the trees.
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9.2.5.5  Physiology

16. The photosynthetic parameters, Vcmax and Amax, correlate strongly with leaf nitrogen
concentration and are highest in the leaves of trees grown in ambient [CO2] with a high rate of
nutrient supply and lowest in the trees grown in elevated [CO2] with a low rate of nutrient
supply.  The photosynthetic capacity of trees grown in elevated [CO2] becomes less than that
of trees grown in ambient [CO2].  This acclimation (or down-regulation) is related to lower
leaf nitrogen concentration in elevated [CO2] and associated reductions in concentrations of
leaf nitrogen, soluble proteins and, in particular, Rubisco amount and activity.
Notwithstanding N fixation, down-regulation of photosynthesis also occurs in alder leaves
after three years.

9.2.5.6Modelling

17. Modelling annual transpiration and photosynthesis of Sitka spruce and silver birch at stand
scale shows clearly the importance of understanding the impact of nutrient supply.  Doubling
[CO2] increases annual photosynthetic gain by up to 25% in spruce and 40% in birch,
provided that the leaf nitrogen concentration is maintained.  If leaf nitrogen does not keep up
the annual carbon gain may be less than 10% in spruce and 20% in birch.  Notwithstanding
water stress, increased temperature and early phenology may lead to much larger effects on
annual photosynthesis, up to 70% in birch and 30% in spruce, relative to ambient [CO2],
provided that leaf nitrogen concentration can be maintained.
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9.3 Contribution from the Technical University of Berlin (Partner 02; D. Overdieck, J.
Strassemeyer and M. Forstreuter)

9.3.1  Leaf scale observations

9.3.1.1 Pinus sylvestris L.

Results of the measurement from needles in the Grunewald forest are presented in Figure 9.9: net
CO2 assimilation was saturated around 600 µmol mol-1 CO2 whereas transpiration and stomatal
conductance decreased with increasing Ci. Thus water use efficiency was increased up to and
ambient CO2 concentration of 1000 µmol mol-1.

            A                                                   B                                                 C

Figure 9.9. CO2 net assimilation (A), stomatal conductance (B) and water use efficiency (C) of needles of adult P.
sylvestris from Grunewald responding on intercellular (A and B) and ambient air CO2 concentration.

The relationship between stomatal conductance and a combination of ambient CO2 concentration
and vapour pressure deficit was linear (Figure 9.10).

Figure 9.10  Stomatal conductance (gs) and CO2 net assimilation (An) of Pinus sylvestris needles from a 90-year-
old forest stand (Grunewald) in relation to CO2 net assimilation (An), ambient (Ca) and intercellular CO2

concentration (Ci), CO2 compensation concentration (Γ), and vapour pressure deficit (Ds; Do = 1.2 kPa).
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9.3.1.2  Quercus robur L.

Light response curves showed no differences between the two CO2 treatments. However, in the
forest the stimulation of net photosynthesis of leaves by increasing light was more than in the
experiment. Increasing CO2 concentrations (Ci) resulted in clearly higher net CO2 assimilation rates
(An) of pedunculate oak in the forest (40-50 year old trees) than in the mini-stands (Figure 9.11)
with tendency to lower net CO2 assimilation at 700 µmol mol-1 CO2.

Figure 9.11  CO2 net assimilation in response to CO2 of Querus robur leaves from juvenile stands at two different CO2
concentration levels and from a forest stand (Grunewald).

Young trees grown in ambient [CO2] had significantly higher Vcmax and Jmax than those grown in
elevated [CO2]. Vcmax  and Jmax changed with leaf temperature: raising Tleaf from 12 °C to 37 °C
result in an increase of Vcmax from 16.2 to 71.6 and of Jmax from 41.2 to 112.4 µmol m –2 s –1.

Both photosynthesis parameters correlated strongly with leaf nitrogen content. Regression lines for
the experimental CO2 treatments and the forest stand show no significant differences between the
years and between juveniles and adults (Figure 9.12).

Figure 9.12  Nitrogen dependence of Vcmax and Jmax (Quercus robur 1996-1998).
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9.3.1.3  Fagus sylvatica L.

An/Ci curves for Fagus sylvatica show that Vcmax and Jmax were significantly higher in the adult
stand than in the mini-ecosystems, but no clear CO2 effect on these photosynthesis parameters was
evident (Figure 9.13).

Figure 9.13   An/Ci curves measured on Fagus sylvatica on 1998 (a-d). Single leaf measurements and regression models
at 350 µmol mol –1 (  • ), 700 µmol mol–1 CO2 growth concentration (b---O) on mini-ecosystems and adult
trees in the Botanical Garden, Berlin (  ). Median of the regression models (d); +: marks the Ci
concentrations corresponding to the CO2 growth concentrations (350 and 700 µmol mol –1 ).

Increase of temperature modifies the response of An under changing CO2 concentrations: It enhances
the CO2 effect and at elevated CO2 temperature optimum is by 1-2 °C higher (Figure 9.14).

Figure 9.14   Leaf net CO2 assimilation in relation to leaf temperature measured on F. sylvatica saplings in mini-
ecosystems with a leaf-cuvette for six different ambient CO2 concentrations grown at ~370 and ~700 µmol
mol–1  CO2 ; + marking the temperature optima.
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 The key parameters of photosynthesis, Vcmax and Jmax, showed no significant changes resulting
from growth in elevated [CO2]. Both parameters changed with leaf temperature. However, raising
CO2 concentration has no detectable effect on the response to temperature (Figure 9.15).

Figure 9.15  Temperature dependence of Vcmax and Jmax  of Fagus sylvatica-leaves from juvenile canopies in mini-
ecosystems at different CO2 concentration levels.

Similarly to P. sylvestris and Q. robur Vcmax and Jmax of beech also depend on leaf nitrogen content.
The regression lines are not significantly different between the stands in the mini-ecosystems and
the forest (Figure 9.16).

Figure 9.16   Nitrogen dependence of Vcmax and Jmax (Fagus sylvatica L.).
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 Day respiration (calculated following Farquhar) showed a tendency to be influenced by elevated
[CO2], depending on temperature (Figure 9.17)

Figure 9.17  Temperature response of day respiration (Rday) of Fagus sylvatica leaves from juvenile trees in mini-
ecosystems exposed to different CO2 concentrations.

9.3.2Tree level observations: Growth of Quercus robur L.

Figure 9.18   Parameters of the growth of Querus roburat different CO2 concentrations.
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Elevated CO2 resulted in an increase of stem diameter only in the first year. Stem height and
number of leaves was not affected (or was negatively affected).

Stand scale observations

Net ecosystem flux of CO2 showed clear differences between growth in ambient and elevated CO2
concentration, i.e. higher uptake rates were reached at midday and larger losses during the night.

9.3.4 Digest of results

Mini-ecosystems are a good tool to study effects of interactions between elevated [CO2] and other
environmental factors such as light, temperature and nutrients.

•  The three trees species investigated (P. sylvestris, Q. robur, F. sylvatica) behaved similarly in
response to elevated CO2.

•  Photosynthesis was enhanced by elevated [CO2] at the leaf scale.
•  Increasing temperature slightly enhanced the effect of CO2 on the leaf scale.
•  The photosynthesis parameters Vcmax and Jmax  were not influenced by CO2 concentration.
•  These parameters clearly correlated in all cases with leaf nitrogen content.
•  Effects of elevated  [CO2]  on the growth of pedunculate oak were not clear.
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9.4 Contribution from the Université Paris-Sud (Partner 03; B. Saugier, R. Liozon, E.
Dufrene and J.Y. Pontailler)

9.4.1 Experimental setup in Orsay
Open-sided chambers were used for CO2 enrichment and for gas exchange measurements.  They
were made of an aluminium frame covered with a clear polypropylene film (Propafilm RH 75, 75
µm thick).  The surface area at ground level was 1.89 m2 (1.95 x 0.97 m) and total height varied
from 1.15 m to 1.90 m from the start to the end of the experiment.  A green plastic netting,
transmitting 50% of the incident light, was placed around each chamber up to the average height of
the trees.

Figure 9.19  Cross-section of an open sided chamber designed to enable gas exchange measurements.  B = blower, F =
mixing fans, f = fan used to measure air flow, G = gravel, P = pump, Q = quantum sensor, T + RH =
temperature and relative humidity probe.
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At the northern end of each chamber, ambient air was sucked in at the top of a 4 m high vertical
duct by two blowers maintaining a constant air flow of about 0.12 m3 s-1 inside the chamber.  The
air went out at the opposite end through a wide horizontal vent located at mid-height.  To allow gas
exchange measurements, a small amount of air (3 dm3 min-1) was continuously sampled in the air
inlet and outlet.  To minimize spatial heterogeneity in CO2 concentration (especially in the
chambers supplied with elevated CO2), air samples were taken using a long duct perforated with
many small holes.  Two infrared gas analysers, one (ADC 225 MK3) operating in differential mode
and one (Binos 4) in absolute mode, and a dew point hygrometer (General Eastern 1100 DP)
monitored CO2 and H2O concentration in the laboratory.

In the elevated [CO2] chambers, pure CO2 was injected at the top of the air ducts through four
injection pipes (Figure 9.19).  Ten rings were placed inside the ducts to achieve satisfactory air/CO2
mixing.  CO2 injection was adjusted manually using precision valves and rotametres.  In the two
chambers equipped to measure gas exchange, air flow through the system was recorded using small
fans (Micronel F62MM-012GK-0) modified by the manufacturer to deliver pulses when driven by
the air flow.  This system was calibrated with a dilution method.  Photosynthetically active
radiation, air temperature and relative humidity were continuously measured in the chambers.

9.4.2 Performance of the chambers
In spite of a high air flow and the good transmission characteristics of the polypropylene film with
regard to the glasshouse effect, the temperature was significantly higher in the chambers compared
with outside.  The observed temperature increase was 5 to 10 °C at its maximum and 1 to 2 °C at its
minimum (at night).  This increase was correlated with incident radiation but was still present at
night, as air was warmed up by the blowers.  As a result, temperatures warmer than 35 °C were
recorded for periods in all the chambers, and this may have been harmful to the young beech trees.
Incident radiation was partly intercepted by both the film and aluminium frame.  Over one growing
season, 82% of incident PAR was transmitted.  The water vapour deficit was slightly increased in
the chambers, reaching values up to 2.4 kPa.  Such high values are not uncommon in European
beech forests and do not cause damage to trees.

9.4.3 Results

Stem growth was strongly stimulated in elevated [CO2], as shown in Figure 9.20.  Carbon allocation
to roots was not modified in elevated [CO2], as shown by Figure 9.21.  There was a single
relationship between root biomass and above-ground woody biomass, whatever the CO2 treatment.
Moreover, this relationship was the same in Orsay and in Berlin (partner 02).  The effect of CO2
enrichment was thus to increase both shoot and root growth, keeping them in balance.
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Figure 9.20  Variation of the volume index (V = HD2, with H and D stem height and diameter) for trees of control
chambers (open symbols) and of CO2-elevated chambers (closed symbols).  Data from four chambers,
collected at the end of 1996 (second year).

Table 9.4  Average day mass per living beech tree at the end of the third year.

Treatment C (350 µmol mol-1) E (700 µmol mol-1) E/C
Tree density (m-2) 80.8 59.6 0.74
Leaf mass (g) 4.70 10.85 2.31
Stem mass (g) 23.40 56.60 2.42
Root mass (g) 19.08 29.70 1.58
Total mass (g) 47.18 97.15 2.06

After three years of CO2 enrichment,  total biomass per tree was doubled with respect to the control
(Table 9.4).  The increase in root biomass was smaller than the increase in either leaf or stem mass,
but this was largely because the root/shoot ratio decreased as the plants increased in size (see Figure
9.21 below), and this increase was much larger in elevated [CO2].  Results are expressed per unit
ground area in the Table 9.5.  In this experiment, leaf area index (LAI) was very high: 9.8 and 14.5
at its maximum in ambient and elevated [CO2], respectively, in the third year (1997).  Beech forests
of western Europe exhibit lower values of LAI (from 5.5 to 7.5).

Figure 9.21  Root biomass per tree as a function of above-ground woody biomass for several young beech stands grown
in Orsay and in Berlin.  Open symbols : control stands, filled symbols : stands in elevated [CO2].
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Table 9.5  Stand dry biomass at the end of the third year (1997), per unit of ground area.

Treatment C (350 µmol mol-1) E (700 µmol mol-1) E/C
Leaf mass (g m-2) 380 646 1.70
Stem mass (g m-2) 1 929 3 484 1.81
Root mass (g m-2) 1 541 1 773 1.15
Total mass (g m-2) 3 850 5 903 1.53

At the stand scale the increase in total biomass was only 53%, much less than the 106% increase in
total biomass reported in Table 9.4.  The difference between the two figures is the result of tree
mortality, which was strongly increased in elevated [CO2] because faster growth led to stronger
competition between trees.  Our chambers had a usable area of 1.746 m2 and at the end of the third
year, in 1997, there were 141 trees in the control chamber and only 104 trees in the CO2-enriched
chamber, leading to the densities reported in the second line of Table 9.4.  This is a large difference
which to our knowledge has not received enough attention.  What is relevant with respect to forest
growth is the 53% stimulation in stand biomass in elevated [CO2],  and not the 106% stimulation in
biomass of individual tree reported in Table 9.4.

To understand this strong biomass stimulation observed in beech, leaf photosynthesis was studied
throughout the season to see whether there was a progressive decline in leaf photosynthetic capacity
in elevated [CO2], often called downward acclimation.  For this purpose A/Ci curves (CO2
assimilation versus CO2 concentration inside the leaf) were obtained to derive Vcmax and Jmax, the
capacities of carboxylation and of electron transport in the leaf, respectively.  No significant
differences were observed between the two treatments (350 and 700 µmol mol-1).  Moreover, the
trend was rather in the direction of an upward acclimation (increase in Vcmax and Jmax at 700 µmol
mol-1), but this was not significant.  Leaf nitrogen concentration per unit mass was identical in the
two treatments.  Since the leaf mass per unit area was slightly higher in elevated CO2, the leaf
nitrogen content per unit area was also slightly higher.  A slight increase in the ratio Jmax/Vcmax was
also observed (+14%) in elevated [CO2], suggesting a reallocation of nitrogen from Rubisco to the
electron transport enzymes.

These results have been obtained with ample nutrient supply.  Our preliminary results using forest
soil without fertilisation have also shown a strong biomass stimulation, suggesting there was no
downward acclimation.  This absence of acclimation may also be the case for real forests, but we
have no direct information on this point.  In the future it will be necessary to take into account the
response time of soil organic matter to a progressive increase in litter fall caused by elevated CO2,
to show whether the increasing tree demand for nitrogen can be satisfied by soil mineralization.

Gas exchange of mini-stands has been measured for two of the chambers nearly continuously
during 1997.  Diurnal variations of the CO2 fluxes, FCO2, were mainly controlled by solar radiation.
In mid-June maximum values of FCO2 reached 15 µmol m-2 s-1 in ambient [CO2] (Figures 9.22 and
9.23) and 35 to 40 µmol m-2 s-1 in elevated [CO2] (Figures 9.22 and 9.23).  There were also strong
seasonal variations : in spring it took at least one month for the stands to reach their maximum
assimilation rate, and after the end of May there was a progressive decline that was especially rapid
in elevated [CO2] (Figure 9.24).  These seasonal variations are important but difficult to take into
account in models of the annual carbon balance.
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Figure 9.22  Net CO2 exchange of a mini-ecosystem supplied with ambient [CO2].  Three periods are shown over the
1997 growing season.

Diurnal variations of CO2 flux above the beech mini-stands are presented in Figures 9.22 (ambient
air) and 9.23 (elevated CO2), for three periods during the growing season.  In spring (top of Figures
9.22 and 9.23), when trees are leafing, there was a progressive increase in CO2 flux during the day,
reflecting an increase in canopy photosynthesis probably as a result of an increase in leaf area index
(LAI).  The reverse was observed in the bottom part of figures 9.22 and 9.23, when senescence
caused a decrease in canopy photosynthesis. The two treatments are best compared in June (middle
part of Figures 9.22 and 9.23), when both mini-stands have their maximum LAI.
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Figure 9.23  Net CO2 exchange of a mini-ecosystem supplied with elevated [CO2].  Three periods are shown over the
1997 growing season.

There was a strong stimulation of canopy photosynthesis in elevated [CO2], which was even more
apparent in Figure 9.24, which shows the light response of CO2 flux for both treatments.
Simulations made with a canopy photosynthesis model by E. Dufrêne have shown that the
difference was mainly a result of increase in leaf photosynthesis in elevated [CO2], rather than of an
increase in leaf area index. LAI increased from 9.8 to 14.5, but canopy photosynthesis (and light
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interception) was already close to its maximum at a LAI of 9.8. Figures 9.22 and 9.23 present but a
small fraction of the available measurements.

To summarize seasonal variations in CO2 flux, daily values of CO2 flux in 1997 are presented in
Figure 9.25.  In both CO2 treatments they increased in spring and reached maximum around day
150 (end of May).  There was then a progressive decrease, that was more pronounced in the
elevated [CO2]treatment.  It is thus likely that elevated [CO2]caused earlier leaf senescence.  As a
result, the increase in net carbon uptake for the whole growing period was only 53% (Table 9.6), as
compared to more than 100% with high PAR in June (Figure 9.24).

Figure 9.24  Net CO2 uptake vs. incident PAR in two mini-ecosystems in June 1997.  Open symbols : ambient [CO2],
closed symbols : elevated [CO2].
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Table 9.6. Biomass increase in beech mini-stands.  A1 is the control in ambient air, E1 is the stand grown in elevated
CO2. ∆B1 (FCO2) refers to the estimate derived from CO2 exchange measurements.  ∆B2 (Biom.) refers to the
estimate derived from biomass measurements at the end of 1997, and from a relationship between stem
volume index (HD2) and biomass at the end of 1996.

Stand ∆∆∆∆B1 (FCO2) (g m-2) ∆∆∆∆B2 (Biom.) (g m-2) ∆∆∆∆B1/∆∆∆∆B2

A1 (350 µmol mol-1) 1606 1876 0.86
E1 (700 µmol mol-1) 2461 2753 0.89
E1/A1 1.53 1.48

The yearly estimates of carbon exchanges of the stand are compared with those derived from
biomass measurements in Table 9.6.  Results are expressed in biomass terms, and assume that the
tree dry mass contained 48% of carbon.  The estimates of biomass increment derived from the CO2
exchanges are 10 to 15% lower than those derived from the biomass measurements, suggesting that
the soil was losing carbon, in spite of its low initial content in organic matter.

Some errors may also account for this relatively small difference.  The stimulation of biomass
increment was about the same by the two methods, around 50%, and this confirms the importance
of studying tree canopies rather than individual trees when investigating the effects of CO2
enrichment.  [The figure of 47% given in Table 3 comes from an estimate of the biomass increase
from 1996 to 1997 and is thus different from the figure of 53% given in Table 2 that refers to the
total biomass production for the three years since sowing (1995 to 1997).]

Figure 9.26  Evaporation of the CO2-enriched beech mini-stand (y axis), as a function of the evaporation of the control
one (x axis), in 1997.

Evaporation of water by the mini-stands, FH2O, was also measured.  It was found that, contrary to
our expectations, the water supply was not always optimal because the interval between irrigations
was often too long in view of the small water-hoding capacity of the sandy soil used in the
experiment.  There was a good correlation between FH2O of the two treatments (Figure 9.26), the
water loss being on average 10% smaller in elevated [CO2].  This is an important result that
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deserves further study.  Beech is a species which is known to have a small stomatal response to
increase in [CO2].  If beech, that has a small stomatal response to elevated CO2, shows a significant
reduction in canopy traspiration, then this reduction is likely to apply to other tree species that have
a stronger stomatal response to [CO2] than beech.

9.4.4.Conclusions

- There was no downward acclimation of photosynthesis to elevated [CO2] in beech, and this
explains the strong biomass stimulation in elevated [CO2].

- Stimulation in productivity should be expressed per unit ground area rather than per tree, and in
the former case a doubling in CO2 concentration led to a 50% increase in stand biomass
production.

- There was no change in carbon allocation in elevated CO2: the observed decrease in root
allocation in elevated CO2 was a result of larger plant size.

- Stand transpiration was decreased by about 10% in elevated CO2.
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9.5. Contribution from the Institute for Terrestrial Ecology (Partner 04; Marureen Murray,
F.J. Harvey and T.D. Murray)

9.5.1  Leaf scale observations

Phytochemistry
Foliar chlorophyll concentrations expressed on a leaf dry mass for Sitka and beech seedlings was
reduced though not significantly so, following 18 months growth in elevated CO2 (Figure 9.27a).
Total chlorophyll concentrations were highest for both species when seedlings received additional
nutrition and were grown under ambient [CO2].  This resulted from ambient [CO2] seedlings having
higher foliar nitrogen concentrations [N] and lower leaf areas compared with their elevated
counterparts.

Foliar C / N ratio was strongly affected by both growth in elevated CO2 and addition of nutrients
(Figure 9.27b). The C / N ratio was always lower in beech foliage compared with Sitka spruce’s
though only significantly so under nutrient limited conditions.  The C / N ratio fell by around 40 %
with increased nutrient application rates, primarily as a result of increased foliar [N].  Total carbon
content averaged 48 % of dry weight in both species with little difference between the two nutrient
or [CO2] treatments.

Figure 9.27  (a) Total foliar chlorophyll concentration expressed per unit dry mass (µg /g) and  (b) foliar C /N ratio of
Sitka spruce and beech seedlings grown in ambient or elevated [CO2] with and without additional nutrients.
Values are treatment means ± 1 SEM, n=4.
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9.5.2 Biomass analysis

Figure 9.28 Foliar characteristics of  Sitka spruce and beech seedlings grown in ambient or elevated [CO2] with and
without additional nutrients (a) TLA (cm2), (b) SLA (cm2g-1),  (c)  LAR (cm2g-1) and (d) LMR.  Values are
treatment means ± 1 SEM, n=4.

Total needle area was significantly reduced by elevated [CO2] under nutrient limited conditions for
Sitka spruce only (Figure 9.28a).  Under all other conditions growth in elevated [CO2] increased
total leaf area.  Elevated [CO2] significantly decreased SLA under both nutrient regimes for Sitka
spruce but only under the high nutrient treatment for beech (Figure 9.28b).  The effect of growth in
elevated [CO2] on both LAR and LMR was similar for both species, reducing LAR and having no
effect on LMR (Table 9.28c and d, respectively).
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9.5.3 Gas exchange

Both species grown in elevated [CO2] had consistently higher light-saturated photosynthetic rates
than their ambient [CO2] counterparts when measured at their growth CO2 concentration (Table
9.7a).  The stimulatory effect of growth in elevated [CO2] was 16% and 41% for Sitka and beech,
respectively.  However, in nutrient limited conditions this was reduced to 10% for Sitka and
remained unchanged for beech.  Growth inside a glasshouse resulted in the seedlings receiving on
average a 3 oC warming, although this figure varied considerably from 0 oC on dull cool days to 7
oC on warm bright sunny days.  The effect this had on photosynthesis was to enhance the overall
stimulation in photosynthesis attributable to growth in elevated [CO2] to 36% for Sitka but to
reduce it to 30% for beech.  Although leaf stomatal conductance of both species was generally
lower in seedlings grown in elevated [CO2] the effect was in the main not significant (Table 9.7a),
the two exceptions being Sitka grown in nutrient rich conditions inside the glasshouse and beech
grown in nutrient rich conditions outside the glasshouse.  The reduction in stomatal conductance is
attributable to growth in elevated [CO2] was 26% and 33% for Sitka and beech, respectively.

Table 9.7 (a) Average light saturated photosynthetic (Amax) and stomatal conductance (gs) rates for each of the CO2 and
nutrient treated Sitka spruce and beech seedlings grown inside and outside an unheated glasshouse.
Measurements were made in-situ during August 1998 at treatment concentrations i.e. ambient [CO2] treated
seedlings were measured at 355 µmol mol-1 and elevated [CO2] treated seedlings at 700 µmol mol-1.  PPFD =
1200 (µmol m-2 s-1). VPD ranged between 1.1-1.5 kPa.  (b) Parameters Vcmax and J max obtained from fitting A/
Ci response curves using the Farquhar et al. (1980) model.  Values in both (a) and (b) are the means ± 1 SEM
(n=2).

(a)
Amax (µmol m-2 s-1) gs  (mol m-2 s-1)

Species Temperature
treatment

[CO2]
treatment High

nutrients
Low

nutrients
High

nutrients
Low

nutrients
Sitka spruce Inside GH Ambient 11.3 10.8 0.19 0.12
Beech Inside GH Ambient 10.6 3.6 0.11 0.09
Sitka spruce Inside GH Elevated 17.8 11.3 0.14 0.09
Beech Inside GH Elevated 15.2 6.4 0.09 0.07
Sitka spruce Outside GH Ambient 12.5 11.4 0.17 0.08
Beech Outside GH Ambient 8.16 3.3 0.12 0.07
Sitka spruce Outside GH Elevated 14.9 12.6 0.16 0.07
Beech Outside GH Elevated 13.9 5.8 0.08 0.05

(b)
Vcmax (µmol m-2 s-1) Jmax  (mol m-2 s-1)

Species Temperature
treatment

[CO2]
treatment High

nutrients
Low

nutrients
High

nutrients
Low

nutrients
Sitka spruce Inside GH Ambient 28.3 20.2 66.4 47.3
Beech Inside GH Ambient 45.1 27.3 70.2 51.2
Sitka spruce Inside GH Elevated 27.9 17.5 66.1 44.3
Beech Inside GH Elevated 41.8 23.1 68.3 44.5
Sitka spruce Outside GH Ambient 24.7 17.6 68.3 45.8
Beech Outside GH Ambient 40.7 24.8 67.5 47.4
Sitka spruce Outside GH Elevated 26.9 17.8 67.2 43.5
Beech Outside GH Elevated 38.4 22.3 67.1 42.8

Table 9.8b lists the values of the parameters obtained from fitting the A/Ci response curves for each
of the different treatments and for both species during the summer.  Both Vcmax and Jmax were
lowered by growth in elevated [CO2], irrespective of species, nutrient treatment or growth
temperature. Vcmax was decreased by elevated [CO2] on average 7.5% for Sitka spruce and 6% for
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beech, when nutrient were non-limiting.  The effect of elevated [CO2] on Vcmax was enhanced by
growth in nutrient limited conditions.  The impact of elevated [CO2] on Jmax was again largest in
nutrient limited conditions, being reduced on average by 6 % for Sitka and 13% for beech.

9.5.3.1 Tree level observations

Biomass analysis

Table 9.8  Biomass variables obtained for both Sitka spruce and beech seedlings from the final harvest (February, 1999)
for the ambient and elevated CO2 treatments with and without additional nutrients.  Values given are treatment
means and significance levels for both CO2 and nutrient treatments (n=2, *= p≤0.05, **= p≤0.01,***=
p≤0.001, ns denotes no significant difference, ANOVA).

(a) Sitka spruce
355 µmol mol-1 CO2 700 µmol mol-1 CO2

Measured
variable (High) Added

nutrients

( Low) No
additional
nutrients

(High) Added
nutrients

(Low) No
additional
nutrients

[CO2] p
Nutrient

p

Height (cm) 641 437 737 430 * ***

Root collar
diameter (cm)

1.2 0.9 1.5 1.0 * ***

Canopy diameter
(cm)

40.3 29.7 51.1 29.0 ns ***

Needle dry
weight (g)

21.3 10.5 31.3 9.4 ** ***

Stem dry weight
(g)

15.2 5.4 23.0 5.8 ns ***

Branch dry
weight (g)

15.1 4.1 23.1 3.4 ** ***

Root dry weight
(g)

21.1 10.2 33.9 11.4 ** ***

Root / shoot ratio 0.38 0.52 0.43 0.67 * ***

(b) Beech
355 µmol mol-1 CO2 700 µmol mol-1 CO2

Measured
variable (High) Added

nutrients

( Low) No
additional
nutrients

(High) Added
nutrients

(Low) No
additional
nutrients

[CO2] p
Nutrient

p

Height (cm) 82.2 47.9 91.6 65.6 ns ***

Root collar
diameter (cm)

12.4 7.8 14.1 8.9 ns ***

Canopy diameter
(cm)

6.4 1.3 11.9 1.5 * ***

Leaf dry weight
(g)

9.4 3.0 13.1 3.5 * ***

Stem dry weight
(g)

16.6 3.7 23.9 5.0 ** ***

Branch dry
weight (g)

5.7 2.4 6.8 2.6 ns ***

Root dry weight
(g)

16.4 7.5 27.2 9.8 * ***

Root / shoot ratio 0.52 0.78 0.62 0.87 ns ***
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Elevated [CO2] and nutrient application increased biomass accumulation in all plant components,
irrespective of species. The effect of increased nutrition on biomass allocation was, not surprisingly,
highly significant in all cases.  Total plant biomass was enhanced by 32% in Sitka and 17% in
beech following growth in elevated [CO2]. The 16% and 12% increases in root / shoot ratio
attributable to growth in elevated [CO2] for beech and Sitka, respectively, was only significant for
Sitka spruce.  In general plants growing in elevated [CO2] were taller, had a proportionally larger
root system and larger foliar biomass, although the degree of stimulation varied for each species.
The main difference between Sitka and beech growing in elevated [CO2] occurred when nutrients
were limited: Sitka failed to stimulate increase in overall biomass, but instead shifts in allocation
within the plants occurred, whereas the beech seedling grew slightly larger.

Phenology

The pattern of bud phenological response was the same as previously reported.  In Sitka spruce bud
burst was delayed and bud set enhanced by growth in elevated [CO2], an effect which was
ameliorated by the addition of nutrients. While beech seedlings grown in elevated [CO2] were
unaffected phenologically, the length of the growing season and number of flushed buds were the
same in both [CO2] treatments.

9.5.3.2 Stand scale observations

Whole tree physiology

Figure 9.29  Changes in above-ground CO2 flux on a foliar area basis for (a) Sitka and (b) beech seedlings receiving
added nutrients as a function of [CO2].  Ambient = seedlings grown in 355 µmol mol-1 [CO2] and Elevated =
seedlings grown in 700 µmol mol-1.  PPFD = 1000 µmol mol-2 s-1. VPD = 1.5 kPa.
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Changes in net carbon flux as ambient CO2 concentration (Ca) falls for Sitka spruce and beech
grown inside and outside an unheated glasshouse in either ambient or elevated [CO2] are presented
in Figure 9.29a and b, respectively.  The data presented are values obtained when roots were
enclosed within a bag to exclude root and soil respiration rates.  A non-rectangular hyperbolic curve
was fitted to each data set.  All curves fitted the data well with around 80% of the variance
accounted for.  Pair-wise comparisons between response curves for each CO2 and temperature
treatment within each species were significantly different (p≤0.01).  A 5 oC increase in ambient air
temperature significantly stimulated CO2 flux rates across CO2 treatment and for both species, the
stimulation being largest for beech seedlings at high Ca values. There appears to be a level of down-
regulation in Sitka, which does not occur in beech at the higher temperature, when ambient CO2
concentrations fall below 400 µmol mol-1.

Belowground responses

Figure 9.30  Belowground (roots + soil) respiration rates for Sitka and beech seedlings receiving added nutrients.
Ambient seedlings were grown and measured at 355 µmol mol-1 CO2 and elevated seedlings grown and
measured at 700 µmol mol-1. VPD = 1.5 kPa.  Values are means ± 1 SEM.

Belowground respiration rates or “soil respiration” obtained from the measured flux difference
between plants with and without the root and soil mass sealed off are presented in Figure 9.30.
Values are those obtained with the seedlings in their respective CO2 treatment concentration, i.e.
elevated [CO2] seedling at 700 µmol mol-1 and ambient [CO2] seedlings at 355 µmol mol-1.  In all
cases higher air temperatures increased belowground respiration rates.  Beech seedlings generally
had higher belowground respiration rates than their Sitka counterparts.  Elevated [CO2] significantly
increased belowground respiration rates doubling that of beech and almost trebling that of Sitka
spruce.
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9.5.4 Digest of Results

The results presented in this report of the responses to elevated [CO2] of a determinate species
(Sitka spruce) and an indeterminate species (beech) are linked with nutrient availability. Currently,
atmospheric [CO2] limits photosynthesis so that any increase in [CO2] directly stimulates
photosynthetic rates and hence increases the C pool.  Carbon held within this pool is then
differentially allocated between shoot or roots depending on whether assimilate production or
nutrient uptake is limiting growth,according to the functional balance model.  Photosynthesis and
stomatal conductance  are the only biological processes directly affected by [CO2], but other
processes such as phenology and biomass allocation are indirectly affected as a result of changes in
plant C/N ratios.

For the determinate species, beech, the C/N ratio was unaltered by growth in elevated CO2, and this
consequently resulted in an unchanged phenological pattern with bud burst and bud set remaining
unaffected by [CO2].  However, for the determinate species, Sitka spruce, C/N ratios were increased
by growth in elevated [CO2] and consequently phenological timing was affected, although, as
mentioned above, this response only occurred in nutrient limited conditions.  Thus, the ultimate
effect this had on biomass productivity was to reduce the performance of Sitka spruce in elevated
[CO2] in nutrient poor conditions, whereas, total biomass accumulation of beech seedlings, although
stimulated to a lesser extent by growth in elevated [CO2], was still enhanced.  This result is
particularly relevant because, of the two species, Sitka is the one most likely to be grown on poorer
quality soils in upland areas and thus experience limited nutrient availability.  However, for a given
soil type, nutrient pools and nutrient availability within the soil ecosystem will also be indirectly
affected by the influence of [CO2] on shoot and root litter C/N ratios, carbon exudation from the
roots and possible changes in amounts and types of mycorrhizal colonisation (Norby et al., 1987;
O’Neill et al., 1987; Rey and Jarvis, 1997), thus rendering them also liable to change in the future.

Despite a universal stimulation of photosynthesis, elevated [CO2] only increased seedling growth
when N availability was high.  Interestingly, under high nutrient conditions a stimulation in net
photosynthesis of 41% for beech resulted in a 15% biomass increase, while a 16% stimulation in net
photosynthesis for Sitka spruceproduced a biomass increase of 32%.  This result may be accounted
for by higher belowground “soil” respiration rates found with the beech seedlings, resulting in
increased carbon losses from the soil.

Shoots from seedlings receiving the high-N supply rate and elevated [CO2] did not show any down-
regulation of photosynthesis.  In contrast, seedlings grown in nutrient-limited conditions did show
down-regulation of both Vcmax and Jmax by around 10 % for both species.  Sage (1994) found a
similar result in his review of 40 long-term studies which focused on the effect of elevated [CO2] on
the short-term response of photosynthesis to intercellular CO2.  He concluded that the effect of
elevated CO2 on the A/Ci response was either sink or nutrient dependent, with plants grown with
low nutrients or in small pots exhibiting down-regulation, while those grown without nutrient
deficiency in large pots or in the field exhibiting no effect or even up-regulation.  Acclimation of
the photosynthetic apparatus in this manner is not necessarily detrimental to the plant, indeed the
opposite is likely.  In nutrient-poor conditions nitrogen is liable to be the variable most limiting to
growth and therefore any co-ordinated biochemical adjustment, i.e. down-regulation of
photosynthesis that improves growth, competitiveness and resource use efficiency in elevated [CO2]
will ultimately increase the chance of survival in the future (Sage, 1994).

The findings on leaf level photosynthesis were confirmed by the results obtained from the whole
plant CO2 flux measurements.  Data presented in this report show that for seedlings receiving the
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high nutrient treatment CO2 fluxes remained higher in the elevated [CO2] seedlings even when in
ambient [CO2].  While elevated [CO2] seedlings from both species, grown in nutrient-limited
conditions had lower fluxes than their ambient counterparts (data not presented).
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9.6 Contribution from the University of Viterbo (Partner 05; P. De Angelis, G. Scarascia-
Mugnozza et al.)

9.6.1 Leaf scale observations

Leaves are the first organs likely to show adaptation to an elevated [CO2] environment. Changes
occurring in leaves will have important and direct implications on gas-exchange with the
atmosphere and on carbon availability for the plant, with indirect effects on the entire carbon budget
of the ecosystem. Over the seasons of several years, many processes have been studied to assess the
impact of CO2 treatments and to estimate parameters that are used for modelling activity.
Quantitative measurements were made on: net photosynthesis, evapotranspiration and stomatal
conductance, carboxylation efficiency, sugars and starch accumulation, photochemical quantum
efficiency, photoinhibition and photoprotection, stomatal density and index, leaf anatomy and leaf
mass per unit area (g m-2), chlorophyll concentration, nitrogen concentration, water potential and
pressure-value curves.

9.6.1.1 Gas exchange

Light-saturated CO2 assimilation, measured in the growing conditions in different seasons over a
two-year period, was higher in the elevated [CO2] treatment for all three species studies (Quercus
ilex L., Phillyrea angustifolia L. and
Pistacia lentiscus L.) (Figure 9.31).
There were differences among the
species for the treatment effects.  Over
various seasons we measured an
average increase of about 70% in
Q.ilex (p<0.1), 40% in P.angustifolia
(p<0.1) and 20% in P.lentiscus (n.s.).
Stomatal conductance and
evapotranspiration rates were all
reduced in elevated CO2, by about
10% for Q.ilex (n.s.) and about 30%
for the other two shrub species
(p<0.05). Intercellular CO2 concentration (Ci) was almost doubled in plants growing in elevated
[CO2], whereas the Ci/Ca ratio was almost unchanged, causing an appreciable increase of the
instantaneous transpiration efficiency (ITE) in all three species. ITE appears to be the most affected
parameter by the treatment (about doubled; p<0.1) although without significant differences among
the study species. Qualitatively similar results were obtained in previous observations made in the
field in standard environmental conditions (Besford et al., 1998: Table 2.1a).

Variations in the effects of CO2 treatments on gas-exchanges parameters were observed during the
growing season, particularly on the daily maximum rate of CO2 assimilation (A*). A significant
reduction of stomatal conductance was observed throughout the season, paralleled by the increase in
ITE. The largest effects of CO2 treatment on A* occurred during the summer months; a modest
effect was measured in the winter months. Two different mechanisms are responsible for this result:
first, the effect of water stress on stomatal conductance acted in the same way in the different CO2
treatments, with the consequence that Ci remained higher in elevated CO2; second, during winter
months the assimilation rate was mainly limited by light-dependent processes as electron transport
and acceptor regeneration capacity, resulted in a combined effect of light limitation and low
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temperature. Under these limitations the photosynthetic system cannot use the extra CO2 available,
resulting in a lack of response to the CO2 treatment.
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The elevated CO2 treatment also modified the relationship that links CO2 assimilation rate to
stomatal conductance in the Ball-Berry model, as rewritten by Leuning (1995). Examples of this
relationship in the two CO2 treatments and for the three study species, are shown in Figures 9.32-
34. The data were collected at different times of the day, in June 1996, in different OTCs, on sunny
mature leaves.

A general relationship between predawn leaf water potential and photosynthetic capacity, expressed
by A*, was found for Q.ilex trees as shown in Figure 9.35. For this species the effect of water stress
was partially balanced by the increased CO2 concentration, that allowed the plants to maintain a
positive photosynthetic rate even under very stressful conditions.

9.6.1.2 Stomatal density and leaf anatomy

Leaf functional properties, reported above, are strictly related to anatomical changes that were
observed in the species as responses to the CO2 treatments. To study leaf anatomy, sun leaves were
collected in the field and the number of epidermal cells and stomata were counted as per unit area.
A sub-sample of the leaves was also prepared for electron microscopy observations on fine
transverse sections.

Different adaptive responses of stomata to the increased [CO2] were found in the three study species
(Figure 9.36). Q.ilex and P.angustifolia
showed a significant reduction of stomatal
density that was balanced by an increase in
the number of epidermal cells; P.lentiscus
showed an opposite response with a
significant reduction of the density of
epidermal cells that was balanced by an
increase in stomatal density (even though
not statistically significant). Consequently,
the stomatal index was reduced on the
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former two species but increased in P.lentiscus.

The observations on gas-exchanges and stomatal density suggest, as a first conclusion, that each
species responds to elevated [CO2] with different strategies of acclimation, probably in relation to
their functional type. At the opposite extremes we find Q.ilex trees and P.lentiscus woody shrubs: in
the former the new leaves were permanently acclimated to the new environment (reduced stomatal
index) and no biochemical down-regulation was found; in the latter the leaves maintained the
original stomatal density (or slightly increased it) whereas biochemical down-regulation of
photosynthesis was utilised to regulate the photosynthetic system to the environment in a more
opportunistic way.

A first set of observations on the CO2-induced changes of leaf anatomy, as measurable by
microscopy on transverse sections, showed a significant increase of thickness in P.angustifolia
(+22%) and P.lentiscus (+24%). In the former species, beside a general increase of cell volume, an
additional palisade
layer was observed;
differently, in the
second species
increased elongation
of the spongy cells
and reduction of the
intercellular air
spaces were detected.

9.6.1.3 Nitrogen content of leaves

Nitrogen content of sun leaves was measured several times during the experimental period. On a
dry mass basis, the mean nitrogen content of Q.ilex leaves was about 1.28% and 1.15%
respectively, in ambient and elevated [CO2].  The 10% reduction in relation to the CO2 treatment
was significant (p<0.05) if analysed by a paired t-test. Furthermore, a significant 9% reduction
(p<0.05) was calculated also for P.lentiscus, for which the mean nitrogen concentration was about
1.22% in ambient [CO2], whereas only a slight, not significant, reduction was found in P.
angustifolia. All these effects disappeared if the nitrogen content was calculated on a leaf area basis.
The mean values in ambient [CO2] conditions were: 2.53, 2.52 and 2.26 g m-2 for Q.ilex,
P.angustifolia and P.lentiscus, respectively.

9.6.1.4 Water relations

About every month, except during winter, pre-dawn (PWP) and midday (MWP) leaf water
potentials were measured on leaves collected in the upper part of the crowns of the three species. In
the Mediterranean environment pronounced water stress occurs almost every season, although if the
length and the intensity of the stress conditions may vary from year to year. In the study site Q.ilex
trees experienced the lowest water potentials relative to the other two species, as measured at both
pre-dawn and at midday. The lower summer values measured on this species, ranged between -4
and -5 MPa. As a consequence of the structure of this forest, the crown of the Q.ilex trees were
exposed for a long time during the day to the direct sunlight, while the other two shrub species
remained partially shaded. The effect of CO2 treatment on water potential is shown in Figure 9.37,
where all the data collected under elevated CO2 were plotted versus the same parameter measured
under ambient conditions The comparison, analysed by a paired t-test, of PWPs measured in the

Table 9.9
Q.ilex P.angustifolia P.lentiscus

upper epidermis 5% p<0.05 6% p<0.05 7% p<0.05
palisade -5% p<0.05 29% p<0.05 19% p<0.05
spongy mesophyll 0% n.s. 22% p<0.05 33% p<0.05
lower epidermis -5% n.s. 20% p<0.05 33% p<0.05
total leaf tickness -1% n.s. 22% p<0.05 24% p<0.05



258

three species under a wide range of conditions, revealed a significant CO2 effect only in
P.angustifolia, with a reduction of PWP (more stress) by about 25%.

The minimum values
reached during the day were
also influenced by the CO2
treatment. These values were
determined by several
processes (from stomatal
physiology to microclimate),
as indicated by PWP (Figure
9.38).  Mean values of MWP
were lower in elevated [CO2]
than in ambient [CO2], in
Q.ilex and P.angustifolia but
not significantly so.  In
P.lentiscus conditions were
more favourable in elevated
[CO2], at midday. These
results suggest that the initial
conditions are not influential
during the days of stress,
even though a more
pronounced CO2 effect
(positive) was detected for
P.lentiscus. In other words,
elevated [CO2] can mitigate
the effects of drought by
means of an increase of
water use efficiency, rather
than by saving water.

9.6.2 Tree scale observations

The response of a tree to elevated [CO2] is the result of complex interactions among processes
occurring at different levels of organisation. Experimental observations can help to understand these
responses, providing measurable modifications each scale as consequence of different processes.
Because, in this experiment, we started with adult plants, biomass production was studied as annual
production of new organs (leaves, shoots) on a branch basis or of new roots produced per unit of
volume of soil.

9.6.2.1 Above ground biomass growth

To detect the effect of elevated [CO2] on the above ground biomass growth of the plant community,
the emission of new shoots, their elongation and structure were measured twice per year. For this
purpose, representative branches were marked for each tree and shrub, in each OTC (5-10 samples
x 6 OTCs x 3 spp.). Representative branches were located in different positions within the canopies;
generally, these branches were composed of  at least, five successive length growth increments, of
supporting green leaves and of lateral shoots. All the lateral shoots per representative branch were
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counted and numbered.  On 10 1-year-old shoots, per each representative branch, shoot length and
diameter, leaf number and leaf area were accurately measured.

The CO2 effects on the growth of shoots and branches are shown in Figures 9.39 and 9.40, as mean
values over a two-year period. The three species were affected differently by the treatment, at both
levels of observations.

The dominant species, Q.ilex, increased the number of shoots produced in elevated [CO2], even
though these were shorter but not thinner, and with reduced mean leaf size; the consequences at the
branch scale were an increased number of leaves but not of total leaf area, and an increased value of
the cumulative cross-sectional shoot area.  In the intermediate shrub P.angustifolia the elevated
[CO2] treatment determined a reduction of the number of shoots produced, with practically
unchanged characteristics; the consequence at the branch scale was a reduction of all growth
parameters.  In contrast, an unchanged number of shoots produced in the elevated [CO2] treatment
of P. lentiscus was accompanied by various changes of shoot characteristics.  The increased length
of shoots was the most pronounced response to [CO2] treatment in this dominant species,
accompanied by an increase of shoot volume and leaf area. This last effect was determined by
increased leaf size.

For all three species two different ratios were calculated at the branch scale: first the total woody
volume produced per unit of leaf area; second the total sapwood cross-sectional branch area
supporting unit area of leaf. The growth efficiency (first parameter) increased in elevated [CO2] by
about 20% in Q.ilex and P.lentiscus, while there was a slightly negative effect in P.angustifolia. The
sapwood area supporting the transpiring leaves was reduced in elevated [CO2] in P.angustifolia and
P.lentiscus, but increased largely in Q.ilex.

9.6.2.2 Below ground biomass growth

The annual production of roots was measured by the placement of root-free soil cores (45 cm long)
into the ground; two replicate cores were inserted in each OTC during summer 1995 and collected
during summer 1996. The extracted cores were cut in three sections: 0-15 cm, 15-30 cm and 30-45
cm; live and dead fine roots were separated into two diameter size classes: 0-2 mm and 2-5 mm.
The collected material was dried for 48 hours in a ventilated oven at about 80 °C. The roots
collected represented the productivity of the whole community; no separation into species was
attempted.

Effects of elevated [CO2]  on branch growth (1996-1997)
average and interannual variability (std. dev.)
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From 0 to 45 cm depth the total productivity (live and dead, all diameter classes) was 7.2 and 10.6 t
ha-1 yr-1 for the ambient and elevated [CO2] treatments, respectively (Figure 9.41). The overall
[CO2] effect on belowground production was about 47%. Roots biomass production more than
doubled in elevated [CO2] in the first layer
(0-15 cm depth). About 15% of the
increment was in the second layer and
more than 40% in the third layer. The live
and dead roots with diameters less than 2
mm were the most affected by the
treatment, at all depths but significant
effects were also detected on the larger
diameter class. Finally, the increase of
dead roots of the larger diameter class (2-5
mm) may indicate an increase of root
turnover in elevated CO2.

9.6.3 Stand scale observations

9.6.3.1 Leaf litterfall

Leaf litter-fall was collected from January 1996 to December 1998 using 27 rectangular litter traps
each measuring 0.25 m x 0.25 m. The litter traps were randomly placed under plants of Q.ilex,
P.angustifolia and P.lentiscus in each of the six OTCs; nine more traps were similarly placed
outside the OTCs but in the same ecosystem. The traps were emptied at monthly intervals, the litter
was taken to the laboratory for oven drying at 80 °C for 48 h. The dry mass was measured with an
analytical balance. Leaf litter-fall was quantified for three years 1996, 1997 and 1998. Litter-fall
occurred throughout the whole year, reaching a maximum in summer (June - August), litter-fall was
strongly seasonal with 50% of the cumulative total occurring between May and August. The annual
cumulative averages of leaf litter-fall were 4687 kg ha-1 in the elevated [CO2] treatment, 3868 kg
ha-1, and in the ambient [CO2] treatment (averages calculated from 1996, 1997 and 1998 data; Table
9.10).

Table 9.10
Effects on annual litterfall (1996)

Kg ha-1 year-1 

All Q.ilex P.angustifolia P.lentiscus
Ambient 3545 863 750 1932

s.e. 550 172 210 626
Elevated 5006 1529 1287 2190

s.e. 280 256 255 255

CO2 eff% 41.2 77.3 71.5 13.4
p= (t-test) 0.050 0.053 0.091 0.365

Effects on annual litterfall (1998)
Kg ha-1 year-1 

All Q.ilex P.angustifolia P.lentiscus
3386 2064 606 715
964 1123 180 188
3301 1892 705 703
620 597 57 347

-2.5 -8.3 16.3 -1.7
0.472 0.450 0.323 0.489

Effects on annual litterfall (1997)
Kg ha-1 year-1 

All Q.ilex P.angustifolia P.lentiscus
4673 1768 1056 1848
698 273 262 709
5754 2662 1125 1966
613 391 172 447

23.1 50.6 6.5 6.4
0.155 0.071 0.419 0.448

The effect of the [CO2] treatment on total leaf litter-fall was positive in the years 1996 and 1997,
but null or slightly negative in 1998. The largest effect was in 1996 for Q.ilex trees with an increase
of about 77%, and in P.angustifolia of 72%. In the second study year, the effect of the [CO2]
treatment on litter production remained large for the Q.ilex trees (about 51%), but was around 6%
for the two shrub species. No significant differences were found on leaf litter-fall during the 1998
year for all three species.

Quality parameters were assessed on the leaf litter collected in July/August 1995 and June/July
1996, during the peak seasons of litter-fall, by the determination of the concentrations of ash, lignin,
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cellulose, hemicellulose plus pectin, calcium, carbon, potassium, magnesium, nitrogen, and
phosphorous. The cumulated content of the main structural compounds, lignin, cellulose and
hemicellulose+pectin, on a dry mass basis, ranged from about 40% to 55% in the different species
in the ambient [CO2] treatment. In this treatment, Q. ilex showed the highest values for all these
compounds (18%, 26% and 12% for lignin, cellulose and hemicellulose+pectin, respectively); P.
lentiscus had intermediate values (17%, 20% and 9%, respectively) and P. angustifolia the lowest
(16%, 20% and 8%, respectively). Lignin content corresponds approximately to a third of the total
carbon and about twenty-fold the nitrogen concentration. The total carbon concentration was on
average 54% of the dry mass of the three species. While nitrogen, potassium and phosphorus
accounted for 1.55% (1%, 0.5% and 0.05% respectively), calcium concentration was 1.4% and
magnesium 0.15%. Carbon to nitrogen ratios ranged from 48 to 63 in the different species. These
values were similar for the litter collected in both periods, October ‘95 and July ‘96. Only for
magnesium and calcium was a slight seasonal effect detected. In both seasons significant
relationships (p<0.05) were found between the quality parameters and the species. Only carbon and
calcium concentrations were independent of species. Growth in elevated [CO2] affected
significantly the quality parameters of leaf litter in the three species by a general increase of carbon
and structural compounds, and by a general reduction, or dilution, of nutrient concentrations. These
effects mirrored a significant increase of the lignin/N and C/N ratios, and a simultaneous decrease
of the C/lignin ratio.

The sum of the three macroelements (K+N+P) was calculated to estimate the potential input of
these nutrients to the soil. Furthermore, the product between concentration of these elements and
annual litter-fall was also calculated, to assess the impact of the treatments on the nutrient cycles
(Table 9.11). For this product we have assumed that only minor variation occurred during the
seasons for K+N+P concentrations of the litter and for SLA (specific leaf area = m2 kg-1). Analyses
made over different years and seasons (data not shown), confirm this assumption.

Table 9.11
Effects on annual input of K+N+P by leaf litterfall (1996)

Kg (K+N+P) ha-1 year-1 

All Q.ilex P.angustifolia P.lentiscus
Ambient 58 12 11 35

s.e. 9 3 3 11
Elevated 73 19 18 36

s.e. 4 3 4 4

CO2 eff% 24.3 56.4 56.8 2.4
p= (t-test) 0.136 0.068 0.128 0.473

Effects on annual input of K+N+P by leaf litterfall (1997)
Kg (K+N+P) ha-1 year-1 

All Q.ilex P.angustifolia P.lentiscus
74 25 16 33
12 4 4 12
81 34 16 32
10 5 2 7

9.0 33.9 -2.9 -4.1
0.344 0.119 0.463 0.464

Effects on annual input of K+N+P by leaf litterfall (1998)
Kg (K+N+P) ha-1 year-1 

All Q.ilex P.angustifolia P.lentiscus
52 29 9 13
13 16 3 3
45 24 10 11
8 7 1 5

-13.5 -19.7 5.5 -12.7
0.342 0.383 0.437 0.405

The KNP sums varied significantly (p<0.01; ANOVA) between the three study species. In the
ambient CO2 treatment, Q.ilex had the lowest concentration of the three macroelements (p<0.05 vs.
P.angustifolia; p<0.01 vs. P.lentiscus; Bonferroni post test), with a value of about 1.3%. The other
two shrub species had similar concentrations (p>0.05), with KNP concentrations of 1.6% and 1.8%,
for P.angustifolia and P.lentiscus respectively. The calculated amounts of these macroelements
added to the topsoil as leaf litter, are given in the Table 9.11. The CO2 effect on KNP deposition,
even though not statistically significant, varied in the three study years in accordance with the trend
previously observed for the litterfall. But the positive effect of the elevated [CO2] treatments on
litterfall was reduced in terms of KNP input by the “dilution” effect, and consequently the negative
effect in the third year was amplified in terms of KNP input. The observed decrease in the relative
contribution to the total KNP input of P.lentiscus from 1996 to 1998, was mirrored by an increase
in the relative contribution of Q. ilex (from about 25% in the 1996 to 55% in the 1998).
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9.6.3.2 Soil CO2 efflux

Measurements of soil CO2 efflux were recorded regularly, using a portable environmental gas
monitor (EGM-1, PP Systems, UK) connected to a soil respiration chamber (STC-1, PP Systems,
UK). Measurements of soil respiratory activity were made five times per open top chamber each
sample day. Soil temperature at 10 cm depth was measured at each respiration chamber location
simultaneously with soil respiration measurements at ground level.

The mean values of soil CO2 efflux and soil temperature for the two [CO2] treatments, as measured
during the 1998 year, are shown in Figure 9.42.

The soil CO2 efflux was strongly correlated with soil temperature from January through May 1998.
Thereafter, during summer to late summer - the period of maximum soil temperature the sudden
drop in soil CO2 efflux was associated with a corresponding drop in soil water content from
approximately 16% to 5% (see next
paragraph). The marked rise in soil
temperature together with average soil
moisture conditions had the effect of
stimulating microbial activity as well as
bringing on gradual renewed growth of
roots belowground and consequently
increasing soil CO2 efflux before the mid-
summer drop. Similar trends were
observed for both years 1996, 1997.

Over the three study years, the mean
value of the soil respiration rate was
about 13% higher in the elevated [CO2]
chambers (Figure 9.42). Considering that
small or no differences were found comparing
the two main environmental driving variables
measured in both [CO2] treatments
(temperature and soil water content), the
significant increase of soil respiration cannot
be attributed to these eco-climatological
variables alone. The increased root
production and turnover probably played an
important role in determining these observed
results. A simple modelling approach
confirms this hypothesis, showing a poor correlation between soil respiration and both temperature
and soil water content, during the root growing season.
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9.7. Contribution from the Forestry Commission, UK (Partner 06; M. Broadmeadow, P.
Freer-Smith)

9.7.1 Leaf scale observations

9.7.1.1 Headley II

Physiological measurements were carried out throughout the three growing seasons, and these
results are summarised in Table 9.12, with brief descriptions of the methodology outlined in the
legend.

A small reduction in carboxylation efficiency, expressed as the initial slope of the CO2 response
curve was observed in response to elevated [CO2] in 1994, although no reduction of light- and CO2-
saturated photosynthetic rate was observed in 1994 or 1995 (Amax).  However, in the final year of
the experiment, a significant reduction in both Jmax and Vmax was apparent (Figure 9.43), indicating
the onset of down-regulation of the photosynthetic apparatus, probably in response to the nitrogen
deficiency that had developed (Table 9.12).  The resultant CO2 fertilisation of photosynthesis, in
combination with the large reduction in stomatal conductance led to a twofold increase in
instantaneous water use efficiency.  However, this did not result in a change in water relations on a
whole tree basis, as evidenced by pre-dawn and mid-day water potentials, which were unaffected by
[CO2] treatment.  The reduction in water use on a leaf area basis may be counterbalanced by
increased water use on a tree basis as a result of the larger leaf area for the elevated CO2 treatments
(Figure 9.43).  In addition to the effect of [CO2] and irrigation treatment on stomatal conductance,
there was also an indication that irrigation led to an increase in stomatal density, an effect that
appeared to be negated by elevated [CO2], when the experiment (including [O3] treatments: data not
shown) was treated as a whole.  With all limitations to photosynthetic CO2 assimilation taken into
account, the net effect of elevated CO2 concentration was a marked increase in both soluble sugar
and starch concentration during the middle of the day, indicative of carbon gain.  This difference in
non-structural, carbohydrate levels also resulted in a lower apparent specific leaf area (Table 9.12b)
in the elevated [CO2] treatments, thereby affecting the concentrations of other foliar constituents
when expressed on a leaf area basis. However, the nitrogen deficiency observed in 1996 could not
be explained solely by dilution, and therefore represents a true deficiency.  This was confirmed by
soil nutrient analysis with a significant reduction in N in the irrigated, elevated [CO2] treatments
(data not shown).

Table 9.12a. Photosynthetic responses to elevated [CO2] from the Headley II experiment, 1994-1996. Photosynthesis, transpiration
stomatal conductance and instantaneous water use efficiency (A, E, gs and WUE: µmol m-2 s-1, mmol m-2 s-1, mmol m-2 s-

1, mmol mol-1))  were assessed by conventional gas exchange analysis using an LCA-3 gas exchange analysis system;
light (1200 µmol m-2 s-1) and CO2 (1700 µmol mol-1) saturated photosynthesis (Amax: µmol m-2 s-1) was measured using
the same equipment at a single value of Ca; carboxylation efficiency (CE:µmol mol-1)), expressed as the initial slope of
the light and CO2 response curves, was calculated from two measurements made within the linear portion of the
responses; Jmax and Vmax were derived from the CO2 and light response of photosynthesis with data fitted to the model of
Farquhar, following the method of De Pury.

parameter A E gs WUE Amax CE A E gs WUE Amax Amax Vmax Jmax ρst

year 1994 1994 1994 1994 1994 1995 1995 1995 1995 1995 1996 1996 1996 1995
OAK
ambient 23 6.4 2.2 113 3.2 32 13.3 672
H2O 9.8 3.8 250 3.05 23 .071 9.3 2.7 186 3.6 30 11.1 42 131 815
CO2 19 13.6 1.7 81 8.9 32 22.6 676
CO2+H2O 17.9 3.3 177 5.44 23 .064 17.7 2.3 136 8.8 29 17.9 35 100 678
ASH
ambient
H2O 12.3 3.2 339 3.8
CO2
CO2+H2O 18.5 2.8 212 6.6
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Table 9.12b. Other physiological responses to elevated [CO2] from the Headley II experiment. Pre-dawn and mid-day
water potentials (ψpd and ψmd: bar) were measured from 0400-0600 h and 1200-1400 h in August 1995,
respectively, using a pressure chamber (Soilmoisture Equipment Corp., USA); specific leaf area (SLA: area
per unit mass - cm2 g-1) was determined on the leaves used for ψ determination; stomatal density (ρn: mm-2

was assessed by light microscopy; foliar chlorophyll ([chl]: mg g-1) content was assessed using the method of
Vernon (1965); soluble sugar and starch content ([CHO], [CHOn]: % dry mass) was determined following the
methods of Farrar (1980) using the phenol-sulphuric acid method of Dubois et al. (1956); total nitrogen ([N]:
% dry weight) was analysed using the standard Kjeldahl method (Avery and Bascomb, 1974); root, branch
and leaf total respiration (RMRT, BMRT, LMRT: nmol m-2 s-1) were measured on excised tissue in late
summer 1996 as described in Crookshanks et al. (1998).

parameter ψpd ψmd [N] [N] [N] [chl] [CHO] [CHOn] SLA RMRT BMRT LMRT
year 1995 1995 1994 1995 1996 1995 1995 1995 1995
OAK
ambient 3.5 18.6 2.78 2.00 2.39 5.8 2.4 167
H2O 1.8 18.2 2.72 2.80 1.80 2.28 6.6 4.2 158 6.05 0.50 9.65
CO2 5.3 16.9 2.34 1.62 2.25 150
CO2+H2O 2.4 18.7 2.47 2.23 1.28 1.70 143 5.33 0.56 8.45
ASH
ambient 7.7 18.8 2.28
H2O 6.1 15.3 1.7 2.26 6.07 0.37 4.94
CO2 7.5 15.6 1.72
CO2+H2O 6.6 14.3 1.69 1.74 5.19 0.38 5.11
PINE
ambient 1.98 1.80 1.03
H2O 1.84 1.85 0.99 6.62 0.73
CO2 1.87 1.54 0.92
CO2+H2O 1.78 1.57 1.07 5.70 0.68
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Figure 9.43 a) Seasonal variation in photosynthetic parameters at ambient and elevated CO2 concentrations.
Measurements were made during the summer of 1997 using a CIRAS-1 (PP-Systems Ltd., UK) gas exchenge
analysis system. Data were fitted to the model of Farquhar following the method of De Pury. b) Observed
relationships between photosynthetic parameters and foliar nitrogen concentration expressed on an area basis,
for all individual analyses included in the mean data points shown in a). Linear regressions are shown.

9.7.1.2 Headley III

Photosynthetic processes were parameterised according to the model of Farquhar and von
Caemmerer (1980) at four time-points during the course of the 1997 growing season.  Large
changes related to leaf development were observed in both Vmax and Jmax, but no down-regulation
was evident; in fact, both parameters (particularly Jmax) were higher in the ambient [CO2] treatment
at the end of the growing season (Figure 9.43a), possibly indicating a protective role of elevated
CO2 against ambient ozone pollution through reduced stomatal conductance (Broadmeadow et al.,
1999).  This hypothesis was supported by the large reduction in both parameters observed for the
elevated ozone treatments (data not shown) following the same time-course as the changes in the
ambient ozone parameters.  Highly significant relationships were observed between both Jmax and
Vmax and [N], although in both cases, the linear fit was better for the ambient CO2 treatment.
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Figure 9.44  The effect of [CO2] and [O3] in stomatal conductance in for three species of oak. Measurements were made
within one minute of placing the leaf within the cuvette using an LCA-3 gas exchange system and broad leaf
cuvette. Values represent the mean of measurements made over twenty days during July and August 1998.
Five measurements were made per species per chamber (four replicates) between 0800 and 1300 h GMT.
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The large reduction in gs in response to elevated [CO2] was confirmed (Fig. 9.44) for all three
species during an intensive assessment of stomatal conductance.  Performance data were collected
over the course of two months during the 1998 growing season to parameterise the conductance
models of Jarvis and Ball-Berry. However, attempts to derive these parameters proved
unsuccessful.  As a result of the free-draining nature of the soil, large diurnal variation in gs (with
complete stomatal closure during the afternoon: data not shown) acted as a confounding factor
when analysing the data.

The seasonal course of leaf, root and branch respiration was determined from spring 1997 to
summer 1998 (Figure 9.45a).  Minimum values of root and branch respiration observed in
December and January, probably represent maintenance respiration, with varying proportions of
growth respiration accounting for the higher rates through the rest of the year.  In the case of leaf
respiration, fully expanded leaves were chosen, and therefore the variation here may represent
changes in metabolic activity, possibly dependent on available carbohydrate and therefore
environmental (weather) conditions.  The temperature response of respiration (Q10) was also
determined at all time-points by measuring respiration rates at 10 and 20 oC (Figure 9.45b).
Although there was considerable variation from month to month (Table 9.13a), assuming a Q10 of
2.0 provides a good average over the year as a whole, for all three plant tissues (Figure 9.45b); here,
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Figure 9.45a) Seasonal variation in respiration rate corrected to 15 oC for excised leaf, branch (stem) and root tissue,
assuming the temperature coefficients shown in Table 2a. b) Relationship between respiration rate expressed
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throughout the year with measurements made at 10 and 20 oC.
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the difference in slopes between the 10 and 20 oC data-sets was 1.92. Figure 9.45b also
demonstrates the close relationship observed between respiration rate and nitrogen concentration at
a given temperature for all three plant tissues, providing good evidence for modelling maintenance
respiration on tissue nitrogen concentration.

Respiration parameters were derived throughout the year, and expressed on fresh mass, dry mass,
area and nitrogen bases where possible (Table 9.13a).  An analysis of the effects of elevated CO2 on
respiration was carried out in January and July 1998 (Table 9.13b) to include both maintenance and
total respiration.  This work only addressed root and branch respiration, since the effect of elevated
[CO2] on leaf respiration had been determined alongside the photosynthesis parameterisation in
1997.  For all analyses, there was no significant effect of elevated [CO2], irrelevant of whether the
data were expressed on an area, mass or nitrogen basis.  This intensive, and long running analysis
also demonstrated no reductions in nitrogen concentration in any of the elevated [CO2] treatments,
contrary to much earlier work. This therefore indicates that in a system supplied with adequate
nitrogen, elevated atmospheric CO2 does not lead to a reduction in respiration rate.  This contrasts
with the conditions in Headley II, where a slight reduction in respiration rate was observed,
alongside the onset of nitrogen limitation (Table 9.12).

Table 9.13a. Seasonal variation in respiration parameters of Quercus petraea. Ten measurements were made at 10 oC
and 20 oC on excised tissue at each time-point. Parameters were derived for the standard relationship R=R15 *
e((15-T)*RTBE). Values are expressed on mass (m; nmol m-2 s-1), area (a; µmol m-2 s-1) and nitrogen content (N;
µmol m-2 s-1) bases.

month root branch leaf
R15(m) R15(N) RTBE R15(m) R15(N) R15(a) RTBE R15(m) R15(N) R15(a) RTBE

may 5.23 0.44 0.073 1.87 0.29 0.60 0.119 12.8 0.62 0.68 0.085
june 6.63 0.54 0.086 2.48 0.38 0.69 0.067 10.6 0.53 0.66 0.061
july 3.81 0.29 0.050 2.07 0.28 0.59 0.052 14.1 0.41 0.64 0.050
sept 6.32 0.53 0.077 3.71 0.41 1.06 0.079 13.7 0.57 0.97 0.053
oct 4.85 0.48 0.076 1.42 0.22 0.56 0.039 11.3 0.46 0.85 0.063
nov 4.30 0.40 0.085 1.49 0.17 0.65 0.064 11.4 0.59 0.89 0.087
dec 4.24 0.29 0.048 0.84 0.09 0.35 0.139 - - - -
jan 2.86 0.21 0.037 0.71 0.07 0.29 0.087 - - - -
mar 3.46 0.23 0.075 0.75 0.07 0.28 0.082 - - - -
apr 3.01 0.23 0.060 1.52 0.174 0.55 0.100 - - - -
jun (o) 5.15 0.61 0.065 2.11 0.38 0.78 0.075 13.7 0.64 0.73 0.079
jun (n) - - - 4.72 0.69 1.10 0.087 - - - -

Table 9.13b. The effect of [CO2] on  root and branch maintenance (January measurements) and total (July
measurements) respiration in three species of oak. Values represent the means of two measurements per
chamber, with four replicate chambers per treatment. January analysis was carried out at 5 oC, and July
analysis at 15 oC. Units are as in Table 9.12a.

Species January 1998 July 1998
350 µmol mol-1 CO2 700 µmol mol-1 CO2 350 µmol mol-1 CO2 700 µmol mol-1 CO2

branch R5(m) R5(a) R5(N) R5(m) R5(a) R5(N) R15(m
)

R15(a) R15(N) R15(m
)

R15(a) R15(N)

Q. petraea 0.45 0.16 0.59 0.29 1.80 0.74 1.45 0.71
Q. robur 0.53 0.19 0.41 0.21 1.75 0.78 1.43 0.62
Q. rubra 0.33 0.22 0.39 0.22 1.26 0.82 1.66 1.16

root
Q. petraea 1.99 - 0.100 1.94 - 0.115 4.26 - 0.357 4.84 - 0.357
Q. robur 1.85 - 2.00 - 4.43 - 5.23 -
Q. rubra 1.85 - 0.110 1.79 - 0.096 2.36 - 0.200 2.74 - 0.246
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9.7.2 Tree scale observations

9.7.2.1 Headley II:

Final harvest data are shown for the three species in Figure 9.46, which indicates a relatively small
CO2-fertilisation effect on growth, and for irrigated ash, a small negative effect.  However, if the
effect of CO2 on total biomass is meaned across all other treatment combinations (including ozone),
a CO2 fertilisation effect of 76% is apparent for oak.  In the case of Scots pine, the value is 60%,
and only 20% for ash.  Furthermore, if allometric relationships derived from height, diameter and
biomass are used to estimate relative growth rate for 1996, three different responses are observed
for the three species (data not shown): oak continued to show a positive CO2 effect, no effect was
observed in Scots pine, and relative growth rate in ash was smaller in the elevated [CO2] as
compared to the ambient [CO2] treatments.  The negative CO2 response observed in ash may reflect
nitrogen limitation which was confirmed by lower foliar nitrogen contents in the elevated [CO2]
treatments (Table 9.12).  The disappearence of the CO2 effect on RGR in Scots pine may be
explained by the determinate nature of its growth, suggesting that the observed growth effects are
predominantly at the seedling stage.  This contrasts with the response of oak, which flushed
throughout the year, and the CO2-induced promotion of RGR was maintained in the final year, even
though the irrigated [CO2] treatments showed a reduced foiliar nitrogen content.  Spring
phenological development was assessed in 1995 and 1996 using a standard IUFRO scoring system,
although no effects of elevated [CO2] were observed (data not shown).

9.7.2.2 Headley III

The CO2-fertilisation effect on biomass increment was larger for all three species of oak than on any
species in the Headley II experiment.  Of the two UK native species, Q. petraea showed the largest
growth rate, and also the largest growth response to elevated [CO2], as would be expected given the
natural preference for heavy, moist soil types of Q. robur. Q. rubra showed the poorest growth, and
also, the smallest response to elevated CO2.  Both the high growth rate, and large response to
elevated CO2 (Figure 9.47) may result from the soil preparation prior to planting: the soil was not
improved prior to the planting of Headley II, whilst the soil was replaced to a depth of 30 cm with
soil from the nursery which had been improved with hop waste (to increase the organic matter
content) and given a base NPK fertiliser dressing, along with 200 g dolomitic lime to reduce soil
acidity, and prevent a magnesium deficiency developing.  For all three species, there was a large
reduction in root:shoot allocation, or i.e. the CO2 fertisation effect was predominantly on shoot
growth.  In addition, leaf area index was approximately double in the elevated [CO2] treatment, and,
in combination with the reduction in root allocation described above, this has serious implications
for tree stability.



271

Figure 9.46 Growth responses of oak, ash and Scots pine to three years treatment with ambient or elevated [CO2], and
two years with and without irrigation, expressed on an individual tree basis. Leaf biomass of oak was
determined by litter collection prior to the final harvest; needles were removed from Scots pine during
drying; leaf litter of ash was not collected as a result of rapid decomposition whilst on the ground.
Root:shoot allocation is given on the figure.

Figure 9.47. The effect of two years growth in elevated or ambient [CO2] on biomass production in three species of oak.
Leaf biomass was determined from litter collection in winter 1998-99. Leaf litter from the two native species
(Q. robur and Q. petraea) could not be distinguished, and leaf has been apportioned according to stem
biomass for those species. Leaf area index was calculated by determining specific leaf area for a sub-sample
of 100 leaves from each treatment (data not shown). Root:shoot ratios are also given.



272

9.7.3 Digest of results

The two experiments carried out at Headley from 1994-1998 (Headley II and Headley III) have
demonstrated rather different responses of biomass increment to elevated CO2 concentrations. The
CO2 fertilisation effect ranged from -10% in the case of irrigated Fraxinus excelsior (Headley II), to
+175% for Quercus petraea (Headley III).  Much of the variation can be explained by water and
nutrient limitation, especially nitrogen limitation which is probably the basis for the large difference
in results between the two experiments.  Although there was variation in the magnitude of the
growth response to elevated [CO2], there was a consistent change in allocation resulting in lower
root:shoot partitioning.

Physiological analysis of Headley II indicated a down-regulation of photosynthesis in the final year
of the experiment as evidenced by the reduction in Jmax and Vmax of oak, although an assessment of
CO2 and light-limited photosynthetic rates in the two previous years indicated no down-regulation
earlier in the experiment.  This down-regulation coincided with a reduction in foliar N and
chlorophyll concentration in the elevated [CO2] treatments, whilst modest reductions were also
observed in respiration parameters.  Although photosynthesis was not assessed in Pinus sylvestris,
this was the one species to demonstrate a large positive response to elevated [CO2], and also
showed no nitrogen deficiency.

The non-nutrient limited trees in Headley III demonstrated larger growth responses to elevated
[CO2], and no down-regulation (in fact a small increase) of photosynthesis or reduction of
respiration in response to elevated [CO2].  The effect of CO2 on stomatal conductance, was however
consistent between experiments, and indicated conservation of water in elevated CO2
concentrations, particularly when increased rates of carbon assimilation are taken into account by
expressing the results as instantaneous water use efficiency. Seasonal variation in respiration, both
the basal rate and temperature coefficient have been demonstrated, and the responses parameterised.
This process has also been carried out for photosynthesis, and to a limited extent, stomatal
conductance.  Phenological development (spring bud-burst) was followed during the course of both
experiments, and on the whole, indicated no effect of elevated [CO2].  However, for Q. petraea,
there was a suggestion of a slight delay in bud burst.

9.7.4 Conclusions

The growth response to elevated [CO2] is variable, depending on species and growth conditions,
and is considerably influenced by nitrogen availability.  The response to elevated [CO2] cannot,
therefore, be treated in isolation.  Photosynthetic and respiration parameters vary considerably
through the course of the year, although for both, tissue nitrogen content acts as  good surrogate for
these parameters.  Both the physiological parameters derived here, and the observed responses of
growth to elevated [CO2] will enable predictive models of tree growth to be validated under
conditions of elevated carbon dioxide concentrations.

9.7.5 Outlook

The open-top chamber facility will continue to run for the forseeable future: in the short-term, a
four month experiment is planned to identify the location of the genes which are expressed under
conditions of elevated [CO2] using a QTL mapped half-sib population of Populus x interamericana.
This work is in collaboration with Gail Taylor of Southampton University, UK.  In the longer term,
it is planned to modify the chambers by adding a roof and removing a section of glass at the side to
maintain ventilation, but prevent natural rainfall from entering the chambers.  This will then allow
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the interactions between elevated [CO2], and ozone to be elucidated for droughted trees, under the
conditions of soil moisture that are expected over the course of the next century.  Six forest tree
species will be planted in the chambers, covering a range of production (or potentially productive)
conifer and broadleaf species.

Experimental work will also concentrate on basic physiological parameterisation of six poplar and
willow clones for a process-based yield model, which will be validated with biomass data from a
network of 49 sites within an experimental yield trial.  Impact studies and experimental work will
therefore continue to support the programme of yield model development, both for using process
modelling as a tool in forest management (ultimately in the form of a decision support system), and
to predict the effects of rising atmospheric CO2 concentrations and climate change on UK forest
growth.
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9.8 Contribution from the Faculté des Sciences Agronomiques de Gembloux (Partner 07; E.
Laitat)

9.8.1 Biomass investigation in the OTCs

9.8.1.1  Above-ground biomass

In March 1998, tree heights from year 1994 to year 1997 and circumference of the year 1997 of all
trees were measured.  Two trees were then harvested in 10 experimental units (8 OTCs and 2
UEUs).  Fresh biomass was measured to the nearest gram.  Trunk, branches and needles were
separated according to their age for the four last whorls (whorl 1994 to whorl 1997).  Each
compartment was dried at 70 °C to constant mass and then weighed to the nearest 0.01 g.  The
annual rings were measured with a calliper to the nearest 0.10 of mm for trunk and branches by
whorl to estimate retrospectively the total tree biomass for the last four years.  From the 20
destructively investigated trees, an allometric relation was fitted to give tree biomass as function of
height and diameter.  This function was finally used for all trees in each experimental unit to
estimate total 1997 biomass on a ground area basis.  As a result of these measurements, the
following data are available: annual values and increments from year 1994 to 1997 for height,
diameter at base, trunk volume and total dry mass; allocation between trunk, branches, needles; the
ratio dry mass to fresh mass (DW/FW) for trunk, branches and needles; increments in diameter and
volume for branches.

9.8.1.2 Below-ground biomass

In August 1997, we investigated fine roots in the OTCs site to assess their vertical distribution.  The
rhizosphere investigation was based on soil core analysis.  A root auger with a diameter of 2 cm
was used to extract undisturbed soil cores by 15 cm thick layers and up to a depth of 60 cm or to the
bed-rock.  Eight sampling points were randomly selected in the 350 and 700 µmol.mol-1    CO2
OTCs and in two UEUs; four in the irrigated sub-units and four in the fertilised sub-units,
respectively.  After the soil samples were extracted, organic matter was separated from the mineral
fraction using a home-made root washer based on Kirchhof and Pendar design (1993).  After
washing, organic residues other than roots were sorted out by hand using forceps.  Dead and living
roots were separated according to their colour, resilience, turgidity and binding between the stele
and the cortex or periderm (Santantonio and Hermann 1985, Liu and Tyree 1997).  All the living
root samples were stored in the fridge for a maximum of 24 hours until their length assessment.
Living roots were placed on the window of a flatbed scanner.  Image files were processed with DT-
Scan software (Delta-T Devices Ltd., Cambridge, UK).  The length-sin procedure (Kirchhof and
Pendar, 1993) was used for calculating the thickness distribution of the roots.  Dead and living roots
were dried in an oven at 70 °C to constant mass and weighted to the nearest 0.001 g.  Results are
reported according to Hendriks and Bianchi (1995) using 0-1 mm, 1-2 mm, 2-5 mm and >5 mm
diameter classes.  The following were determined: fine root biomass (in mg DM.ha-1), density (in
m.m-3), surface density (in m2.m-3) and specific root length (SRL in m g-1 DM) of a sub-sample of
living roots, after the roots were dried in an oven at 70 °C to constant mass according to the
diameter class, were determined.

9.8.2 Results

Biomass, C and N allocations are shown successively for the three experimental conditions, i.e.  in
young Norway spruces growing in irrigated UEUs, and in beeches and Douglas firs in the forest
plot.  The irrigated UEUs served as controls for the cultural practices, the CO2 concentrations and
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the fertilisation treatments.  The discussion of results will be based on the CO2 concentration and
fertiliser treatments applied to the OTCs.

Table 9.14 shows the main dendrometric characteristics of the trees in the OTCs, i.e.  height at the
end of each growing period (from 1994 to 1997), relative height increase from 1995 and 1997, and
trunk girth at the end of the growing period in 1997.  Results are reported for each CO2
concentration applied to the OTCs (700, 583, 467 and 350 µmol.mol-1   ) and the UEUs, and for
each fertilisation treatment (I or F).  The ‘Hyear’ columns show the total height since the onset of
elevated CO2 conditions and the ‘∆Hyear’ columns indicate the relative height increase compared to
the year under consideration.  Whereas the first parameter takes into account the whole ‘history’ of
the tree, the second describes the treatment effect in the year under consideration.

Table 9.14   Height (Hyear in cm) of Norway spruce grown in OTCs from 1994 to 1997, mean relative height increase
in the corresponding growing periods (∆Hyear in%) and girth measured at the base of the trunk in 1997 (girth
97 in cm), according to CO2 concentrations in OTCs and fertilisation treatment.  Mean values and standard
deviation, n = 2.

H 94
(cm)

∆∆∆∆H95
(%)

H 95
(cm)

∆∆∆∆H96
(%)

H 96
(cm)

∆∆∆∆H97
(%)

H 97
(cm)

Girth 97
(cm)

CO2 Nut mean st-dev mean mean st-dev mean mean st-dev mean mean st-dev mean st-
dev

700 F 83.3 0.2 +21.8 101.5 6 +28.6 130.6 10.5 +33.3 174 11.8 12 0.8
700 I 95.1 0.2 +17.7 112 6.3 +23.4 138.2 9.9 +32.1 182.5 12.8 12.9 1.7
583 F 93.6 4.6 +33.5 125 7.4 +29.5 161.8 17.6 +33.1 215.4 30.7 14.3 1.8
583 I 98.8 0.8 +18.1 116.7 3.4 +33.4 155.7 0.4 +31.6 205 3.4 14.4 1.3
467 F 91.4 0.7 +27.2 116.2 5.5 +30.8 152 6.9 +33.9 203.6 4.5 13.5 0.2
467 I 100 6.2 +26.8 126.8 12.4 +30.9 166 14.8 +31.5 218.2 9.7 14.3 0.3
350 F 83.7 2.4 +21.2 101.4 4.8 +24.4 126.2 0.1 +33.7 168.6 6.7 11.8 1.3
350 I 96.1 5.6 +15.4 110.9 2.9 +15.6 128.3 8.2 +25.6 161.1 15 11.6 0.4

UEU F 82.4 9.3 +27.7 105.2 9.1 +30.0 136.8 10.2 +34.7 184.3 7.5 13.6 0.6
UEU I 92.6 6.1 +22.1 113.1 3.5 +25.4 141.9 7.0 +31.7 186.8 11 14.0 0.9

F all 86.1 7.0 +26.6 109.1 10.9 +29.0 140.7 15.4 +33.9 188.4 20.2 13.1 1.2
I all 95.9 5.0 +20.4 115.4 7.4 +25.9 145.3 14.6 +30.8 190.1 21 13.5 1.3

From the 20 trees sampled destructively, we derived a relationship describing the development of
total dry mass in the above-ground parts (DM in g) as a function of height (H, cm) and diameter at
the base (D2, cm2):

M = - 416 + 3.12 H + 48.2 D2 with r2 = 0.86 (1)

We then applied equation 1 to each tree grown in the OTCs to determine the above-ground biomass
per unit area for the year 1997.  Figure 1 includes the root biomass estimates obtained by auger
sampling and illustrates the vertical distribution profile of biomass in Norway spruce growing in
irrigated UEUs at 2 m intervals above ground and at four depth levels, 15 cm apart, underground.
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Figure 9.47 Vertical distribution profile of the biomass in Norway spruce grown in irrigated UEUs.

The size, diameter, length, area and mass of roots in UEUs and OTCs under 350 and 700 µmol mol-

1    are shown in Table 9.15 according to the vertical profile.  Sub-totals are indicated in the Σ.  To
facilitate comparisons with forest plot data, we have reported in this table the estimates on a hectare
basis.  However, for the results of the experimental plots containing OTCs, we reported the data on
a m2 basis, which is more in line with their actual size.  The biomass of fine roots, as estimated by
probing with an auger, amounts to 575 g DM m-2  in the irrigated UEUs and varied from 600 to 700
g DM m-2  in the OTCs with CO2 concentrations of 350 and 700 µmol mol-1.

The measurements are highly variable because of the heterogeneous horizontal distribution of the
root biomass in the soil.  In irrigated UEUs, the majority of fine roots were found in the top 15 cm
of soil and the ratio between dead root mass and living root mass increased with sampling depth
from 13% in the top 15 cm to 63% at a depth of 30–40 cm.  Therefore, most of the living fine roots
were concentrated in the upper horizons; 72% of the fine roots (by dry mass) were found in the top
15 cm, 91% in the top 30 cm.

Total root length in the irrigated UEUs was about 9300 m ha-1.  The distribution of root length by
diameter category shows that 92% of the roots fall into the 0–1 mm category, 7% into the 1–2 mm
category and 1% into the 2–5 mm category.  A few identical trees uprooted from OTCs located
outside the experimental area confirmed the small quantity of roots with a diameter exceeding 5
mm at this growth stage.

The biomass balance of young Norway spruce grown in irrigated the UEUs were estimated at 2010
g DM m-2 , including 687 g DM m-2  in the trunk and 476 g DM m-2  in the branches, i.e.  1163
g DM m-2  of wood, 273 g DM m-2  of needles and 575 g DM m-2  of living roots.  With regard to C
allocation, chemical analyses revealed that 342 g m-2  was found in trunks, 237 g m-2  in branches,
139 g m-2  in needles and 231 g m-2  in living roots.  The corresponding estimates for N are 4.5, 3.1,
2.5 and 4.8 g m-2 , respectively.
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Table 9.15   Root length (km.ha-1) and root area (m2.ha-1) by diameter category, mass (t.ha-1) and percentage of fine
living and dead roots by sampling depth  for Norway spruce in irrigated UEUs sub-units and OTCs with 350
and 700 µmol mol-1    [CO2].

Treatment Depth Diameter
Class

Length

(km.ha-1)

Root area

(m2.ha-1)

Living roots
mass
(tha-1)

Dead roots
mass
(tha-1)

Ratio
dead/living

(%)

UEU-I [0;-15cm] [0;1 mm] 6096 6.897
[1;2 mm] 461 1.963
[2;5 mm] 80 0.617

ΣΣΣΣ====[0;-15cm] 6637 9.477 4.120 0.520 12.6
[-15;-30cm] [0;1 mm] 1506 1.694

[1;2 mm] 125 0.527
[2;5 mm] 20 0.152

ΣΣΣΣ====[-15;-30cm] 1651 2.372 1.107 0.303 27.4
[-30;-45cm] [0;1 mm] 523 0.569

[1;2 mm] 13 0.051
[2;5 mm] 0 0

ΣΣΣΣ====[-30;-45cm] 536 0.620 0.194 0.123 63.3
[-45;-60cm] [0;1 mm] 391 0.421

[1;2 mm] 55 0.238
[2;5 mm] 23 0.172

ΣΣΣΣ====[-45;-60cm] 469 0.831 0.328 0.101 30.9
ΣΣΣΣ UEU-I 9293 13.301 5.749 1.048 18.2
350-I [0;-15cm] [0;1 mm] 5681 6.116

[1;2 mm] 349 1.467
[2;5 mm] 61 0.507

ΣΣΣΣ====[0;-15cm] 6091 8.089 4.110 0.799 19.4
[-15;-30cm] [0;1 mm] 1695 1.889

[1;2 mm] 170 0.710
[2;5 mm] 20 0.158

ΣΣΣΣ====[-15;-30cm] 1885 2.757 1.367 0.681 49.8
[-30;-45cm] [0;1 mm] 1072 1.087

[1;2 mm] 55 0.242
[2;5 mm] 23 0.192

ΣΣΣΣ====[-30;-45cm] 1150 1.521 0.747 0.402 53.8
[-45;-60cm] [0;1 mm] 251 0.233

[1;2 mm] 5 0.019
[2;5 mm] 0 0.0

ΣΣΣΣ====[-45;-60cm] 256 0.253 0.077 0.109 142.0
ΣΣΣΣ====350−Ι350−Ι350−Ι350−Ι 9383 12.621 6.301 1.991 31.6
700-I [0;-15cm] [0;1 mm] 6717 7.963

[1;2 mm] 433 1.818
[2;5 mm] 57 0.450

ΣΣΣΣ====[0;-15cm] 7207 10.232 3.726 0.854 22.9
[-15;-30cm] [0;1 mm] 2534 3.275

[1;2 mm] 164 0.663
[2;5 mm] 13 0.099

ΣΣΣΣ====[-15;-30cm] 2710 4.037 1.537 0.636 41.4
[-30;-45cm] [0;1 mm] 754 0.856

[1;2 mm] 48 0.179
[2;5 mm] 1 0.009

ΣΣΣΣ====[-30;-45cm] 803 1.044 0.307 0.997 324.5
[-45;-60cm] [0;1 mm] 327 0.422

[1;2 mm] 53 0.241
[2;5 mm] 4 0.025

ΣΣΣΣ====[-45;-60cm] 383 0.688 0.235 0.308 131.2
ΣΣΣΣ 700-I 11103 16.000 5.776 2.796 48.4

Figure 9.49 summarises biomass allocation for the irrigated and fertilised sub-units of the OTCs
with 350 and 700 µmol mol-1 [CO2].  In accordance with Seith et al.  (1996), the root systems
contained similar nutrient concentrations in both irrigated and fertilised sub-units, despite increased
root growth in the nutrient-supplemented soil.  Moreover, a decrease in root/shoot ratio was
associated with nutrient supply, in 350 µmol mol-1 CO2 in both the OTCs and the UEUs.  However,
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we observed an increase of the root/shoot ratio resulting from the nutrient effect in 700 µmol mol-1

[CO2]: 1.55 in the irrigated and 2.69 in the fertilised sub-units, respectively.
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Figure  9.49   Biomass allocation for Norway spruce in 350 and 700 µmol mol-1  CO2 with irrigated (I) and fertilised (F)
treatments in the OTCs.

9.8.2.1 CO2 Effects

Table 9.16 shows the CO2 effect on trees grown in the OTCs.  The data are expressed in
percentages of increased (positive values) or decreased (negative values) height and in relative
increase in height and girth of Norway spruce subjected to higher CO2 concentrations (467, 583 and
700 µmol.mol-1 CO2) compared to a reference CO2 concentration of 350 µmol mol-1   .

Table 9.16   Relative effect of elevated [CO2] on total height (Hyear in%), annual height increment (�Hyear in%) from
1994 to 1997, and girth in 1997 (Girth 97 in%) in Norway spruce grown in OTCs.  Increases are positive and
decreases are negative values.

CO2 Nut H 94
(%)

∆∆∆∆H95
(%)

H 95
(%)

∆∆∆∆H96
(%)

H 96
(%)

∆∆∆∆H97
(%)

H 97
(%)

Girth 97
(%)

700/350 F -0.40 +6.94 +0.11 +13.34 +3.47 -0.08 +3.18 +2.22
700/350 I -1.00 +19.84 +0.92 +49.25 +7.72 +23.32 +13.29 +10.84
583/350 F +11.90 +63.99 +23.29 +10.11 +28.25 -1.08 +27.76 +21.69
583/350 I +2.84 +27.13 +5.19 +116.34 +21.39 +22.41 +27.26 +23.94
467/350 F +9.22 +29.49 +14.65 +12.41 +20.47 +2.43 +20.72 +15.01
467/350 I +4.09 +70.80 +14.29 +93.97 +29.37 +25.75 +35.45 +23.19

The effect of elevated [CO2] in OTCs was already visible on Norway spruce height in 1994, except
in the CO2 concentration of 700 µmol mol-1.  This experimental phase followed an earlier
investigation into the effect of elevated [CO2] in OTCs on the physiology of young trees, that began
in 1989 using the same trees.  The effect was visible from the very first year following the
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introduction of the new experimental conditions of the second phase in 1995.  The effect was highly
significant (p<0.001) in 1996 and 1997 at CO2 concentrations of 467 and 583
µmol.mol-1   .  Over the 3-year observation period, the most important impact on the relative
increase in height was recorded in 1996 and was probably because of the very good, sunny
conditions in August associated with non limiting water supply.

9.8.2.2 CO2 and nutrition effect

Table 9.17 shows the effect of elevated [CO2] on the allocation of biomass in the irrigated and
fertilised sub-units.  The 700/350 ratios reflect to a lesser extent the results discussed above.  At 700
µmol.mol-1    [CO2], above-ground biomass increased in the order of 14% in both the irrigated and
fertilised conditions.  Total fine root mass (<5 mm) increased by 3% and 43% under irrigated and
fertilised conditions, respectively, whereas the mass of living fine roots remained weakly affected (-
8% to +8%) by [CO2] in the irrigated and fertilised conditions.  The increase of dead fine roots was
much higher (+40% in the irrigated conditions) with an obvious effect of nutrition (+187% in the
fertilised conditions), suggesting a higher turnover in elevated [CO2].  Root necromass represented
9.6% of the total biomass at 350 µmol mol-1 and 16.7% at 700 µmol mol-1 CO2.  The total biomass
increased by 6% in the irrigated conditions and by 12% in the fertilised conditions.  When dead
roots were included, these increases ranged from +9.4% to +27.2%, respectively.  Above-ground
allocation was strongly affected by CO2 with an increase in branch (+38%) and needle mass (+60%)
at the expense of the trunk (-8%) in the irrigated sub-units, whereas trunk and needle mass
increased by 55% and 6% in the fertilised conditions, respectively, with a decrease of 26% for
branch mass.  Similar effects of a doubling of CO2 concentrations were reported by Lee et al.
(1998), reviewing a large number of different studies on various tree species.

Table 9.17  Relative effect of elevated [CO2] at two fertilisation treatments.  Increases (positive values) or decreases
(negative values) of above-ground and fine root biomass in Norway spruce grown in OTCs.

Irrigated sub-units Fertilised sub-units
Units 350

µmol mol-1

CO2

∆ Biomass
700/350 (%)

350
µmol mol-1

CO2

∆ Biomass
700/350 (%)

1.  Above-ground biomass (kg DM.m-2 ) 1.101 +13.9% 1.024 +14.4%
1.1 Trunk (kg DM.m-2 ) 0.661 -8.2% 0.419 +55.0%
1.2 Branches (kg DM.m-2 ) 0.270 +38.4% 0.374 -26.2%
1.3 Needles (kg DM.m-2 ) 0.170 +60.7% 0.232 +6.4%
2.  Fine root mass (kg DM.m-2 ) 0.829 +3.4% 0.852 +42.6%
2.1 Dry mass of living fine roots (<5mm) (kg DM.m-2 ) 0.630 -8.3% 0.687 +8.1%
     depth [0-15cm] (kg DM.m-2 ) 0.411 -9.3% 0.302 +60.6%
     depth [15-30cm] (kg DM.m-2 ) 0.137 +12.5% 0.313 -50.8%
     depth [30-45cm] (kg DM.m-2 ) 0.075 -58.9% 0.062 +57.8%
     depth [45-60cm] (kg DM.m-2 ) 0.008 +206.1% 0.011 -27.2%
2.2 Length of living roots (m.ha-1) 9383 +18.3% 9590 +9.8%
2.3 Dry mass of dead fine roots (<5mm) (kg DM.m-2 ) 0.199 +40.4% 0.164 +186.8%
3.  Ratio above-ground/fine root biomass - 1.75 +24.2% 1.49 +5.8%
4.  Root/shoot ratio - 2.33 -33.4% 1.84 +42.6%
5.  Total biomass (kg DM.m-2 ) 1.731 +5.8% 1.712 +11.8%

Another look at Table 9.17 confirms the non-linearity of tree response to CO2 concentrations (Laitat
et al.  1994) and illustrates the decisive role of fertilisation, with which we shall conclude this
discussion.  Indeed, trees showed a maximum response to CO2 at concentrations varying from the
current atmospheric CO2 concentration to a doubling of this value.  As in the case of many response
functions in biology, linearity can only be assumed over a specific range of variation of the



280

experimental variable.  The hypothesis of linearity is not valid when the current atmospheric CO2
concentration is doubled.  This will become critical when determining the unacceptable threshold of
atmospheric CO2 concentrations.  Efforts required to reduce CO2 emissions into the atmosphere will
have to target that maximum value.

In Norway spruce, the threshold seems to be close to 583 µmol mol-1 [CO2], particularly when
nutrient availability reduces physiological response.  Indeed, for the irrigated treatment, the
percentage increase of above-ground biomass recorded in OTCs under high CO2 concentrations
compared to the ambient concentration (350 µmol mol-1) is 0, 34 and 14% at CO2 concentrations of
467, 583 and 700 µmol mol-1, respectively.  Under non-limiting conditions, these percentages
become 45, 55 and 14%.  To our knowledge, there are no investigations aiming to determine this
response function over a period of several years.  In fact, scientific research focuses on two CO2
concentrations, 350 and 700 µmol mol-1, as shown by some extensive reviews (e.g. Ceulemans and
Mousseau, 1994; Jarvis, 1998).

9.8.2.3  Nutrition effects

Most experiments have reported that the growth of broadleaves and conifers is stimulated by long-
term exposure to elevated CO2 concentrations.  However, as stated by Linder and Murray (1998),
there are a number of studies in which no positive responses were found, in most cases because of
low nutrient availability.  This was observed, for instance, in the irrigated sub-units under 467 µmol
mol-1 [CO2], whereas a strong effect was noted in the fertilised sub-units in the same OTCs.

The results of leaf chemical analyses made each October from 1995 to 1997 are shown in Table
9.18.  These results mainly show the extent of phosphorus and nitrogen deficiency in the Norway
spruce grown in forest soil, but also illustrate that the deficiencies disappeared gradually.  The
attempt to create two different leaf nutrient concentrations in Norway spruce grown in irrigated and
fertilised forest soil was more successful for nitrogen than for phosphorous but even after three
years the targets for optimum nutrition set at the start of the experiment were not achieved.

Table 9.18   Norway spruce needle analysis for irrigated and fertilised sub-units and target values for optimum nutrition,
after Linder and McDonald (1994).

Irrigated sub-units Fertilised sub-units
N P K Ca Mg N P K Ca Mg

Target Values mg g-1 DM - - - - - 18.0 1.8 3.3 0.5 0.7
% of N - - - - - 100 10 35 2.5 4.0

Needle analysis – Oct
95

mg g-1 DM 11.1 0.9 3.5 7.1 0.8 12.6 0.9 4.1 8.5 0.8

% of N 100 8.1 31.5 64.0 7.2 100 7.1 32.5 67.5 6.3
Needle analysis – Oct
96

mg g-1 DM 9.4 0.9 3.2 5.9 0.7 14.1 1.1 3.5 6.1 0.7

% of N 100 9.6 33.4 62.2 7.9 100 7.7 25.0 43.2 4.7
Needle analysis – Oct
97

mg g-1 DM 9.99 1.02 4.58 4.46 1.22 14.1
9

1.32 5.88 4.82 1.14

% of N 100 10.2 45.8 44.6 12.2 100 9.3 41.4 34 8

The irrigated and fertilised sides in each experimental unit were selected at random.  As shown in
Table 9.19 the fertilised trees were on average 9% smaller than the irrigated trees.
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Table 9.19   Relative effect of fertilisation on total height (Hyear in%), annual height increment (Hyear in%) from 1994
to 1997, and girth in 1997 (Girth 97 in%) in Norway spruce grown in OTCs.  Increases are positive and
decreases are negative values.

Nut CO2 H 94
(%)

∆∆∆∆H95
(%)

H 95
(%)

∆∆∆∆H96
(%)

H 96
(%)

∆∆∆∆H97
(%)

H 97
(%)

Girth 97
(%)

F/I 700 -12.41 +26.88 -9.35 +26.72 -5.51 +5.05 -4.65 -6.68
F/I 583 -5.27 +83.42 +7.11 -15.07 +3.92 +4.77 +5.11 -0.65
F/I 467 -8.65 +7.80 -8.33 -3.30 -8.40 +5.60 -6.69 -5.53
F/I 350 -12.94 +42.18 -8.61 +66.86 -1.64 +29.65 +4.69 +1.19

This resulted in the partial masking of the fertilisation effect on total height in the ‘Hyear’ trees and
justified an investigation into the ‘Hyear’ height increase from 1995 to 1997.  Indeed, fertilisation
promoted a relative increase in height from the first year of treatment at practically all
concentrations.  The initial difference between the height of the trees from the fertilised sub-units
and those from irrigated sub-units disappeared gradually.  The set of measurements made at
ambient CO2 concentration showed the most regular increase in height and in relative height over
time.  The effect of fertilisation on tree biomass and height was, therefore, larger in the current
atmospheric CO2 concentration treatments.

Table 9.20 shows the relative effect of fertilisation (F/I) on biomass (∆ Biomass) and on the
allocation of the biomass above-ground and below-ground at the two CO2 concentrations.  Although
the supply of nutrients tends to increase the total biomass of fine roots (+9% at 350 µmol mol-1

[CO2], +29% at 700 µmol mol-1    [CO2]), these differences were not significant.  On the other hand,
root necromass was increased by 69% as a result of fertilisation in 700 µmol mol-1 [CO2].  This
confirmed the hypothesis of a higher turnover in fine roots under high nitrogen inputs as reported by
Hendricks et al.  (1993, cited in Hooshang, 1996).

Table 9.20  Relative effect of fertilisation at two CO2 concentrations.  Increases (positive values) or losses (negative
values) of above-ground and fine root biomass in Norway spruce grown in OTCs.

350 µmol.mol-1    CO2 700 µmol.mol-1    CO2
Units Irrigated ∆∆∆∆ Biomass F/I

(%)
Irrigated ∆∆∆∆ Biomass F/I

(%)

1.  Above-ground biomass (kg DM.m-2 ) 1.101 -7.0% 0.125 -6.6%

1.1 Trunk (kg DM.m-2 ) 0.661 -36.7% 0.607 +7.0%

1.2 Branches (kg DM.m-2 ) 0.270 +38.5% 0.374 -26.2%

1.3 Needles (kg DM.m-2 ) 0.170 +36.3% 0.273 -9.7%

2.  Fine root mass (kg DM.m-2 ) 0.829 +2.7% 0.857 +41.7%

2.1 Dry mass of living fine roots (<5mm) (kg DM.m-2 ) 0.630 +9.1% 0.578 +28.7%

     depth [0-15cm] (kg DM.m-2 ) 0.411 -26.6% 0.373 +30.0%

     depth [15-30cm] (kg DM.m-2 ) 0.137 +129.0% 0.154 +0.2%

     depth [30-45cm] (kg DM.m-2 ) 0.075 -16.9% 0.031 +219.0%

     depth [45-60cm] (kg DM.m-2 ) 0.008 +38.3% 0.024 -67.1%

2.2 Length of living roots (m.ha-1) 9383 +2.2% 11103 -5.2%
2.3 Dry mass of dead fine roots (<5mm) (kg DM.m-2 ) 0.199 -17.4% 0.280 +68.6%

3.  Ratio above-ground/fine root biomass - 1.33 -9.4% 1.46 -34.1%
4.  Root/shoot ratio - 2.33 -21.2% 1.55 +74.4%
5.  Total biomass (kg DM.m-2 ) 1.731 -1.1% 1.831 +4.6%
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9.8.3 Digest of results

We tried to use some of the experimental data from young trees grown in OTCs to extrapolate the
probable response of forest ecosystems to a progressive and global increase in atmospheric CO2 and
temperature.  However, this scenario does not take into account any change in rainfall pattern, as
the trees were generously irrigated.  The direct extrapolation of data resulting from young trees to
mature trees is always fraught with dangers.  The allocation of biomass, carbon and nitrogen varies
with the age of the trees.  For example, fine roots represented nearly 30% of the biomass in our
saplings, whereas they barely made up a few percentages at more advanced growth stages, but
carbon allocation is relatively unaffected by age, contrary to that of nitrogen.  Indeed, nitrogen
concentration was similar in almost all the parts of the young trees but the highest concentrations
were found in the leaves and fine roots of mature trees.

The ecological structure of the Vielsalm forest is complex as a result of its mixed composition
comprises conifers, mostly Norway spruce and Douglas fir, associated with beech.  Because of the
complexity of this ecosystem, the response of a generic C3 continental forest of Western Europe to
global climate change is modelled, and species-specific responses are considered of secondary
importance as yet.  If we assume that metabolic processes are equally affected in young trees grown
in OTCs, exposed to various CO2 concentrations and the temperature rise, and in mature trees
exposed to the same climatic conditions – this hypothesis needs to be confirmed – we can retain the
relative effects of elevated CO2 and fertilisation treatments shown mainly in Tables 9.18-9.20. The
following three main conclusions can be drawn:

1. The lack of a proportional tree response to elevated atmospheric CO2 is probably the most
noticeable effect at a concentration close to 583 µmol.mol-1    and the most likely to disrupt the
forest ecosystem.  As acceptable thresholds of CO2 concentrations are still to be defined, the
scientific and political importance of this response calls for more long-term research;

2. The scale of the increase recorded in fine roots in trees exposed to high atmospheric CO2
concentrations in OTCs and the suggested increase in turnover point to a likely increase in the
below-ground biomass and soil respiration flows when large amounts of organic matter are made
available to the micro-organisms proliferating in warmer soils.  This conclusion also calls for
larger research efforts in investigating the below-ground parts of the forest ecosystem;

3. As European forests grow mainly on poor soils, we may logically expect that the supply of
nutrients would remove the factor limiting the forest ecosystem response to elevated CO2,
thereby stimulating the growth and development of trees.  Our experimental results show that a
strictly controlled supply of nutrients has a more substantial effect at the current CO2
concentration and that more erratic effects are observed under higher concentrations.  The
interaction between nutrition and the effect of climate change is a third field of scientific
investigation that needs to be developed.
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9.9 Contribution from the University of Antwerp (Partner 08; M.E.Jach and R. Ceulemans)

9.9.1 Leaf scale observations

9.9.1.1 Light saturated net photosynthesis and Ci /Ca ratio

Photosynthesis measurements were made starting May 1997, i.e. after 13 months of exposure to
elevated [CO2], using an open system infrared gas analyser (CIRAS 1, PP Systems, Herts., UK). To
examine seasonal variation and effect of needle age on photosynthetic parameters, measurements
were taken bimonthly, three times during the 1997 growing season: in May on one-year-old
needles, and in July and September on current- and one-year-old needles. All gas exchange
parameters were expressed on a projected needle area basis rather than on a surface area basis,
assuming that only illuminated needle surfaces were photosynthetically active (Jach and
Ceulemans, in press).

Leaf photosynthetic CO2 assimilation rates, when measured at the growth CO2 concentration
(Agrowth), were significantly enhanced by the elevated [CO2] treatment during all measuring periods
of the second growing season of the treatment. The yearly average stimulation of photosynthesis at
growth CO2 (data pooled over the growing season) averaged +62% for one-year-old needles and
+65% for current-year needles; i.e. a +63% stimulation for both needle age classes combined. When
measured at the same atmospheric CO2 concentration (350 or 700 µmol mol-1), light-saturated
photosynthesis was significantly lower over the growing season in foliage grown in elevated CO2,
than in ambient CO2 concentration. When measured at 350 µmol mol-1, photosynthesis (A350) of
one-year-old needles declined at the end of the season in both treatments, as a result of leaf
senescence. However, this decline seemed to be faster in the elevated [CO2] treatment.  Needle age
also had a significant effect on photosynthesis with one-year-old needles showing lower rates than
current-year needles. On an annual basis (all measuring periods pooled together), A350 of one-year-
old needles and current-year needles was respectively -23% and -18% lower in elevated [CO2] as
compared with ambient [CO2]. When all measuring periods and needle age classes were pooled
together, a -21% reduction of photosynthesis in elevated [CO2] was observed during the second
year of treatment. The ratio of intercellular CO2 partial pressure to atmospheric CO2 partial pressure
(Ci/Ca) was not significantly affected by the [CO2] treatment during the course of the growing
season.

9.9.1.2 Responses of Vcmax, Jmax, θ  and Rd  obtained from A/Ci and A/Q curves

Downward adjustment of photosynthesis was apparent in both needle age classes and resulted in
significant reductions in both Vcmax and Jmax in the elevated [CO2] treatment (Figure 9.50) (Jach and
Ceulemans, submitted). There was a significant, overall effect of CO2 treatment on Vcmax (Figure
9.50), although treatment differences were not significant in May (only a very slight reduction of
photosynthesis by -4% in elevated CO2). In July and September a statistically significant reduction
of the Rubisco capacity in the elevated [CO2] treatment as compared with the ambient treatment
was observed in both needle age classes. The relative difference between the elevated and ambient
[CO2] treatment was about -54% and -24% in July and about -31% and -30% in September, for one-
year-old and current-year needles, respectively. So, when all measuring periods and needle age
classes were pooled together, an overall reduction of Rubisco capacity by -28% was detected. A
significant overall age effect was observed, indicating that current-year needles generally had a
higher Rubisco capacity than one-year-old-needles. There was no overall effect of [CO2] treatment
on the electron transport capacity, Jmax, over the course of the growing season. However, a
significant decrease of Jmax in the elevated [CO2] treatment was observed for both needle age
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classes, in July and September (Figure 9.50). When all measuring periods and needle age classes
were pooled together, an overall reduction of Jmax  by -34% was observed. Overall, θ was not
significantly affected by the [CO2] treatment during any of the measuring periods. Values of θ of
current-year needles were higher than those of one-year-old needles.

9.9.1.3 Dark respiration of the needles

In the present study respiration rates derived from the A/Q curves during the day, were not affected
by the elevated [CO2] treatment during the course of the growing season. But a large seasonal
variation in the response of respiration was found. In one-year-old needles highest respiration rates
occurred during the phase of rapid growth in May; afterwards, respiration rates decreased with the
prolongation of the growing season with lowest values in July. In current-year needles respiration
was lower in July in the elevated [CO2] treatment and became higher (although not significantly) in
September, as compared with the ambient treatment.

Dark respiration measured during the night at the growth CO2 concentration, was significantly
lower in the elevated [CO2] treatment, whether expressed on a needle area, or on a needle mass or
on a N basis. When expressed per unit needle area, the relative difference in dark respiration
between the elevated and ambient [CO2] treatments was higher in one-year-old needles (by -25%)
than in current-year needles (by -8%). When expressed on a needle mass basis, dark respiration was
27% lower in the elevated CO2 treatment in current-year needles and 33% lower in one-year-old
needles as compared with the ambient CO2 treatment. And when expressed on a unit N basis, dark
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Figure 9.50  Bi-monthly variation in maximum Rubisco activity (Vcmax) modelled from A/Ci response curves, electron
transport mediated RuBP regeneration capacity (Jmax) modelled from A/Q response curves, for current-year
needles and one-year-old needles during the second growing season in ambient and elevated [CO2].  Symbols
represent mean ± SE. Parameter values were corrected to 25 °C. Within each measurement period differences
between the treatments are shown separately for each needle age class at the bottom of each panel; the
differences between needle age classes from the same treatment are shown by ( ) close to the symbols.
Levels of significance are indicated as ***: P<0.001, **: P<0.01, *: P<0.05, ns: P≥0.05.
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respiration was 27% lower in the elevated [CO2] treatment in current-year needles and 18% lower
in one-year-old needles as compared with the ambient [CO2] treatment. Current-year needles had
relatively higher respiration rates than one-year-old needles, but only when respiration was
expressed on a mass or on an N basis.

9.9.1.4 Biochemical needle characteristics

Directly after photosynthesis measurements, needles were destructively sampled for measurements
of needle area, dry mass and foliar N and C concentrations. Following photosynthetic
measurements, needles were collected for starch and soluble sugars analyses, concurrently with
needles for chlorophyll analysis (Jach and Ceulemans, in press). All results are expressed as
photosynthesis, on a projected needle area basis. Foliar concentrations of N, C and chlorophyll
showed a similar seasonal pattern: a decline in one-year-old needles and an increase in current-year
needles during the course of the growing season. Nitrogen concentration per unit needle area
decreased significantly in elevated [CO2] and an overall significant effect of [CO2] treatment was
found. The effect of elevated [CO2] on N concentration was most pronounced for both needle age
classes at the end of the growing season. For one-year-old needles the relative difference in N
concentration between ambient and elevated [CO2] treatments increased during the course of the
growing season: it went from +0.82% (in May) over -13.5% (in July) to -23% (in September).
Current-year needle’s N concentrations, being in July significantly lower than in one-year-old
needles for both treatments, increased with time and became significantly higher than in one-year-
old needles in September. Needle C concentration was not significantly affected by elevated [CO2]
during the course of the growing season, not even on a particular measuring date. However, both in
July and in September a significant age effect was observed, with a lower C concentration in
current-year needles. No significant overall effect of elevated [CO2] on chlorophyll concentration
was found. Changes in chlorophyll concentration coincided with changes in N concentration. The
chlorophyll a/b ratio remained unchanged by elevated [CO2] throughout the growing season.
Specific leaf area (SLA) followed the same changes in seasonal pattern as C concentration and
coincided with the changes in soluble sugar and starch concentration. Specific leaf area was not
significantly affected by CO2 treatment over the course of the growing season nor on any of the
measuring dates, although SLA was slightly lower in the elevated than in the ambient CO2
treatment. Current-year needles always showed higher SLA values than one-year-old needles. Over
the course of the growing season starch concentration was not significantly affected by [CO2]
treatment. Total soluble sugar concentration was not affected by elevated [CO2] on any of the
measuring periods. However, both in July and September soluble sugar concentration was
significantly lower in current-year needles than in one-year-old needles.

9.9.1.5 Regressions of photosynthesis with N concentration and SLA

Except for one-year-old needles in ambient [CO2] the photosynthetic parameters Vcmax and Jmax
were significantly and positively correlated with needle N (Jach and Ceulemans, in press).
Regressions of Jmax with nitrogen had steeper slopes than Vcmax, regardless of needle age. Growth
under elevated [CO2] resulted in steeper slopes and lower intercepts of the regressions of Vcmax and
Jmax to needle N compared with the ambient [CO2] treatment, but this difference was most
pronounced in one-year-old needles. A reduction of the intercept of the regression between Vcmax
and leaf N in tree seedlings grown in elevated [CO2] compared with those in ambient [CO2] was
found.

In our experiment, the strong negative linear relationship between N and SLA indicated that N
concentration on an area basis decreased with increasing mass per unit needle area. Consequently,
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negative relationships of Vcmax and Jmax with SLA were found. So, lower SLA resulted generally in
higher photosynthesis per unit leaf area.  Differences in the relationships of Vcmax/N and Jmax/N
between the ambient and elevated [CO2] treatments might indicate differences in nitrogen use
efficiency.

9.9.1.6 Chlorophyll fluorescence

During the second part (July-October) of the third (1998) growing season of the [CO2] treatment,
fluorescence characteristics from one-year-old and current-year needles were measured in the field
approximately every two weeks with the PAM 2000 chlorophyll fluorometer (Heinz Walz,
Germany). No significant [CO2] effect on Fv/Fm  was found, indicating no modification in the
optimal photochemical efficiency of PSII. However, as compared to current-year needles, a
significant reduction of Fv/Fm  in one-year-old needles was observed. This age effect was most
prominent in the elevated treatment, emphasising the importance of considering leaf age dependent
differences in the response to elevated [CO2]. The effective photochemical efficiency of PSII
(∆F/Fm'), which is closely related to the apparent quantum yield of CO2 assimilation also decreased
to a significant extent for one-year-old needles. During the growing season there was no overall
significant treatment effect on ∆F/Fm', photochemical and non-photochemical quenching
coefficients.

9.9.1.7 Yearly course of leaf nitrogen

After the first growing season (i.e. in September 1996) N concentration (on a surface needle area
basis) of the needles formed in 1996 was + 21% higher in the elevated [CO2] treatment and
averaged 1.63 (± 0.04) g m-2  versus 1.35 (± 0.05) g m-2  in the ambient treatment (Jach and
Ceulemans, 1997). However, during the second growing season N concentration in the same
needles (one-year-old needles) continuously decreased and reached in September 1997 a value of
0.66 (± 0.05) g m-2  in elevated [CO2] grown needles versus 1.28 (± 0.09) g m-2  in the ambient
treatment (the difference of -48%) (Figure 9.51).  In September, needle N concentration in the
current-year needles was -26% lower in the elevated [CO2] treatment.  During the third year of the
treatment, needle N concentration was -26% and -23% lower in the elevated [CO2] treatment
compared with the ambient [CO2] treatment in the one-year-old needles and current-year needles,
respectively.
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Figure 9.51  Seasonal course of nitrogen (N) concentration in needles of Scots pine seedlings growing in ambient and
elevated [CO2].
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9.9.2 Tree level observations

9.9.2.1 Phenology

Both during the first (1996) and second (1997) growing seasons of the experiment, spring bud
phenology of the plants growing in elevated [CO2] differed significantly from that of plants in the
ambient [CO2] treatment (Jach and Ceulemans, 1999). Bud burst was significantly hastened by the
elevated [CO2] treatment during both years, in 1996 by six days (p = 0.05) and in 1997 by nine days
(p = 0.001). On average, bud burst occurred on day 137 (17 May) in the first year of the ambient
[CO2] and on day 131 (11 May) in the elevated [CO2] treatment; during the second year buds burst
on day 125 (5 May) in the ambient [CO2] and on day 116 (26 April) in the elevated [CO2]
treatment. Also faster bud development in the autumn of 1996 was observed, since overwintering
buds were already slightly advanced in phenological stage. By the end of the second growing
season in the OTCs (starting from mid-September 1997), a marked increase in needle abscission
was observed. Dry mass of litterfall in the elevated [CO2] treatment was significantly (p = 0.01)
higher and averaged 53.0 (±2.9) g per tree versus 33.3 (±7.2) g per tree in the ambient [CO2]
treatment. However, no differences between the [CO2] treatments were found when litterfall was
expressed as a ratio of total dry mass of litterfall to total dry mass of one-year-old needles per tree.

9.9.2.2 Growth

Elevated [CO2] significantly enhanced both stem height and diameter growth (Jach and Ceulemans,
1999). The absolute difference in average stem height was 4.1 cm after one growing season, 21.8
cm after two growing seasons and 34.0 cm after three growing seasons. Relative difference in stem
height between the elevated and the ambient CO2 treatment, was +6% in 1996, +20% in 1997 and
+18% in 1998. The absolute difference in average stem diameter was 4.0 mm after one growing
season, 7.2 mm after two growing seasons and 7.0 mm after three growing seasons. Relative
difference in stem diameter of elevated CO2 grown trees as compared with ambient, was +29% in
1996, +27% in 1997 and +20% in 1998.

9.9.2.3 Absolute and relative growth

The relative growth rate (RGRw)of the leader of the elevated [CO2] grown trees was significantly
higher compared with the ambient [CO2] grown trees at the beginning of the growing season (both
1996 and 1997) (Jach and Ceulemans, 1999). The high RGRw in the beginning of the season was
followed by a sharp and continuous decrease in RGRw until the final leader length was reached, in
both the first and the second growing season of treatment. This rapid decline in RGRw after April
accounted for the loss of growth enhancement in the elevated [CO2] treatment between May and
June. Although trees growing in the elevated [CO2] treatment maintained their absolute growth rate
(AGRm) on a yearly basis similar to the ambient [CO2] grown trees, during both two experimental
years, this was not the case for RGRm. The RGRm showed significantly higher values in the
elevated CO2 treatment during the first year, whereas during the second year RGRm in the elevated
[CO2] was slightly lower (although not significantly) than in the ambient [CO2] and comparable
with the values observed in elevated [CO2] the previous year.

9.9.2.4 Crown structure, crown profile and needle properties

The elevated [CO2] treatment affected several aspects of branch and needle growth (Jach and
Ceulemans, 1999). During the first year, the main effect of [CO2] on branch characteristics was an
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increase in total shoot length through an increase of the length of individual shoots. The relative
difference in total shoot length between ambient and elevated [CO2] grown trees was 28%. Longer
shoots, together with higher individual needle area in the elevated [CO2] treatment, accounted for a
substantial relative increase with 33% in total needle area, as compared with ambient. During the
first year, LAI in the elevated [CO2] treatment was calculated to be 0.56 (±0.04) versus 0.42 (±0.02)
in ambient [CO2].  Dry mass of all needles was 54% higher in the elevated [CO2] grown trees.
During the second growing season of the treatment, seedlings grown in elevated [CO2] under
otherwise identical conditions, showed distinct changes in growth pattern compared with the first
year. This is characteristic of the determinate growth pattern of Pinus, where current-year
elongation is determined by the previous year’s stored reserves. Carbon dioxide had a significant
effect on number of shoots, but not on needle density. The relative difference in the number of
shoots between ambient and elevated [CO2] grown trees was 57%. Total needle area per tree
increased in the elevated [CO2], as a result of an increase in total number of shoots (by +56%) and
total shoot length (by +127 %), but also a slight increase in individual needle area was also
observed. The relative difference in total needle area between ambient and elevated [CO2] grown
trees was 125%.  During the second year LAI was estimated to be 3.66 (±0.26) and 1.62 (±0.24) in
elevated and ambient [CO2], respectively. Dry mass of all needles was 114% higher in the elevated
[CO2] grown trees. During the third year, no significant difference between the treatments was
found in total needle area per tree (+22% higher in the elevated [CO2] treatment) and number of
branches (+12% higher in the elevated [CO2] treatment), however the length of branches was
significantly higher (by +28%) in the elevated CO2 trees. The estimated LAI was 3.2 (0.5) and 2.6
(0.8) in the elevated and ambient CO2 treatments, respectively.

9.9.2.5 Biomass production and allocation

Seedlings were harvested in October 1998, after three years of CO2 treatment. The total biomass
increased with 55% under elevated conditions: elevated CO2 enhanced significantly shoots (14%),
stem (15.8%), bud (0.4%) and root (17.5%) biomass, but had no significant effect on needle
biomass. Biomass allocation within each treatment is shown in Figure 9.52.

Table 9.21   Mean values of biomass allocation in Scots pine seedlings, from harvest in October 1998, after three years
of growth in ambient or elevated (i.e. 700 µmol mol-1   ) [CO2]. Data from harvest in October 1988. Mean and
standard error (within brackets) are shown, n = 12. ∆ % = differences calculated as 100 × (elevated [CO2] -
ambient [CO2])/ambient [CO2]. Significant differences are shown as **: p ≤ 0.01, *: p ≤ 0.05, n.s.: not
significant.

Parameter Ambient Elevated Sign. diff. ∆ %
LAR (m g-1) 3.80 (0.16) 2.98 (0.26) ** - 22
LWR (g g-1) 0.34 (0.01) 0.28 (0.01) * - 17
RWR  (g g-1) 0.12 (0.01) 0.23 (0.01) *** + 92
R/S  (g g-1) 0.22 (0.01) 0.36 (0.02) *** + 64

Since LWR (leaf weight ratio) (Table 9.21) was lower in elevated [CO2], we may conclude that the
trees in elevated [CO2] were more efficient in producing the same amount of biomass with smaller
amounts of needles. Moreover, RWR (root weight ratio) was significantly higher in the elevated
[CO2] treatment. Also R/S (root/shoot ratio) increased in elevated [CO2], indicating a considerable
biomass allocation below ground (Table 9.21). There was especially an increase in fine root (< 2
mm) mass.
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Foliar nitrogen concentration was significantly lower in elevated [CO2], but there was no significant
effect on N-concentration in shoots and coarse roots. No detectable N-concentration was measured
in the stem. In elevated [CO2] the nitrogen concentration of fine roots (1-2 mm) was lower (not
significant) than in ambient [CO2], while the opposite was true of fine roots (< 1 mm) (not
significant).

9.9.2.6  Wood quality

There was a definite trend towards increased ring width with increasing [CO2].  This difference was
mainly the result of increase in the earlywood band (Figure 9.53).

As wood density decreased in our experiment, wood compression strength also decreased in
elevated [CO2] compared with quality in ambient [CO2]  (Table 9.22). The increased proportion of
earlywood in elevated CO2 (Figure 9.53), having lower density, accounted for this difference.
Earlywood has thinner walls and larger cavities in comparison to latewood, and this results in lower
density of earlywood as compared with latewood. In elevated [CO2] higher numbers of tracheids
and resin canals but smaller tracheids were found (Table 9.22).  Smaller tracheid diameter in
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Figure 9.52  Biomass allocation expressed as a percentage of total biomass (100 %) in Scots pine seedlings growing
for  three years in OTC in ambient or elevated CO2. n = 12.
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elevated [CO2] would be expected to account for an increase in wood density; however, in
combination with the wider earlywood band, lower wood density was detected. Also the increased
number of resin canals, which are intercellular spaces in wood, may have contributed to decreased
wood density in the trees grown in elevated [CO2].

Table 9.22   Wood properties of pine seedlings. Microscopic characteristics and mechanical properties are for stem
wood parts formed last two years. Mean and standard error (within brackets) are shown, n = 12. ∆ % =
differences calculated as 100 × (elevated CO2-ambient CO2)/ambient CO2. Significant differences are shown
as ***: p ≤ 0.01, **: p ≤ 0.05, *: p ≤ 0.1, n.s.: not significant, p < 0.1.

Measurement Year Ambient Elevated Sign. diff. ∆ %
Tracheid 2nd 156.9 (17.5) 196.5 (6.8) ** +25
number (no. mm-1) 3rd 196.6 (19.2) 194.5 (9.9) n.s. -1

Tracheid size (µm) 2nd 43.5 (0.9) 35.3 (1.2) *** -19
3rd 35.9 (1.2) 31.1 (1.0) *** -13

Number of 2nd 171.8 (18.0) 266.7 (22.6) ** +55
resin canals (no. ring-1) 3rd 234.2 (28.5) 253.0 (26.4) n.s. +8

Wood pression strength
(N mm-2 )

 7.52 (1.39) 5.63 (0.88) * -25

Wood density (kg m-3) 375 (41) 335 (32) * -10

9.9.2.7 Root production and respiration

After six months exposure to elevated CO2, root production measured by root in-growth bags,
showed significant increases in mean total root length (+122%) and biomass (+135%), compared to
the ambient treatment. This increased root length may have led to more intensive soil exploration.
Chemical analysis of the roots showed that roots in the elevated [CO2] treatment accumulated more
starch (2.6 vs. 4.9% wt) and had a lower C/N ratio (26.1 vs. 21.0). Specific root respiration rates
were significantly higher in the elevated [CO2] treatment (by +45%) and this can probably be
attributed to increased nitrogen concentrations (by +29) in the roots, compared to the ambient [CO2]
treatment. Rhizosphere respiration and soil [CO2] efflux were also enhanced in the elevated [CO2]
treatment and accounted for 66-71% of total soil CO2 efflux in elevated [CO2] and for 50-57% in
ambient [CO2]. These results clearly indicated that in elevated atmospheric [CO2] root production
and development of the seedlings were altered and respiratory carbon losses through the root system
were increased (Janssens et al. 1998).

9.9.3 Ecosystem level

At the start of the experiment (in April 1996) nutrient concentrations in the soil were the same in
both treatments. However, soil analysis after two growing seasons (i.e. at the end of 1997) revealed
that total N concentrations were lower in soils in the elevated [CO2] treatment (12.50 ± 1.48 mg N
dm-3 soil) as compared to in the ambient [CO2] treatment (20.33 ± 2.35 mg N dm-3 soil). Also
concentrations of N in the form of nitrate were lower in the elevated [CO2] treatment (<5.00 mg
nitrate-N dm-3  soil) as compared to in the ambient [CO2] treatment (9.17 ± 2.20 mg nitrate-N dm-3

soil).  Thus, after two growing seasons, soil in the elevated OTCs contained 38% less total N and
45% less N in the form of nitrate, as compared with soils in the ambient [CO2] treatment.
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9.9.4 Digest and Discussion of results

Seedlings growing in the elevated [CO2] treatment maintained higher photosynthetic rates when
measured at the growth [CO2] concentration, but when measured at 350 µmol mol-1 grown in
elevated [CO2] led to reduced-light saturated photosynthesis, relative to the ambient [CO2]
treatment. Photosynthetic capacity was reduced after two years of growth in elevated CO2
indicating down-regulation of photosynthesis. Acclimation to elevated CO2 involved a decrease in
carboxylation efficiency as well as in RuBP regeneration capacity. Significant interactive effects of
[CO2] treatment, needle age and time during the growing season, on photosynthesis were observed.
Large seasonal variation in photosynthetic parameters could be attributed to changes in needle
chemistry and structure, and feedbacks governed by whole plant growth dynamics. Down-
regulation of photosynthesis was most probably the result of reduced N concentration on an area
basis, although a downward shift in the relationship between photosynthetic parameters and N was
also observed. Down-regulation of photosynthesis in this experiment was not the result of
reallocation of N away from Rubisco to other limiting processes, for example electron transport
proteins, because a reduction in Jmax was observed over the growing season, of approximately the
same degree as the reduction in Vcmax.  Dark respiration, when measured during the night and at the
growth [CO2] concentration, was significantly lower in the elevated [CO2] treatment, whether
expressed on a needle area, on a mass or on a nitrogen basis. Increased needle senescence in
elevated [CO2] was associated with lower Rubisco capacity (Vcmax), lower nitrogen and slightly
lower chlorophyll concentrations, when measured in September during the senescence period. The
needles started to fall earlier in the elevated CO2 treatment and the final amount of needlefall was
larger in elevated [CO2] than in ambient [CO2]. During the third year of elevated CO2 treatment, no
significant CO2 effects on chlorophyll fluorescence parameters were found, indicating no
modification in the optimal photochemical efficiency of PSII.

Our observations showed that during second year of [CO2] treatment, current-year needles had
lower total soluble sugars concentrations than one-year-old needles, both in July and September,
probably because of the higher metabolic activity or the stronger sink activity during their growth.
However, no differences in concentration of soluble sugars between the treatments were observed in
both needle age classes. In both treatments starch concentrations were much higher at the beginning
of the growing season as compared to later measurement dates. The lower starch concentration in
the elevated [CO2] treatment in May may be a consequence of the higher respirational sugar
consumption during the period of intense growth. Trees in elevated [CO2] conditions started to
grow earlier and faster at the beginning of the growing season (Jach and Ceulemans, 1999) and at
that time respiration rates were highest.

A pronounced effect of elevated CO2 on bud phenology was observed (Jach and Ceulemans, 1999).
Bud burst was advanced by elevated [CO2] during both the first and the second growing season of
the experiment. Increased total needle area was observed in the elevated [CO2] treatment during
first two years of the experiment. Longer shoots together with higher individual needle areas during
the first year, larger number and longer shoots during the second year accounted for this increase.
During the third year, leaf area in the elevated [CO2] treatment was only slightly larger and the
difference was not significant. Scots pine seedlings in elevated [CO2] also grew taller and produced
thicker stems, during the first, second and the third growing season of the experiment. However, the
relative difference in stem diameter and height between ambient and elevated [CO2] grown plants
tended to decrease with prolongation of exposure to elevated [CO2]. The primary effect of elevated
[CO2] was an increase in the relative growth rate for a restricted period beyond which weekly
RGRw was essentially lower in elevated than in ambient [CO2].  Possible explanations for the
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decrease in the [CO2] stimulating effect on leader elongation and stem diameter, are limitations of
photosynthesis by: (i) nutrients, (ii) source-sink, (iii) LAI, or (iv) inherent growth related processes.

At the start of our experiment in April 1996 nutrient concentrations in the soil were the same in both
treatments. Although free-rooted in the soil, elevated [CO2] grown trees probably used the available
soil nutrient pool faster than the trees grown in the ambient [CO2] treatment, because of their faster
growth rates during the early stages of the experiment (Jach and Ceulemans, 1999).

As a result of accelerated growth and subsequent increased demand for nutrients, plants grown in
elevated [CO2] may become nutrient limited, and particularly nitrogen (N) limited. Carbon dioxide
enrichment has temporarily accelerated growth in the beginning of the treatment, resulting in a
decreased internal concentration of nutrients and ultimately reduced photosynthesis and
consequently decreased RGR. However, there are more factors that could have contributed to that
decrease after two years of growth in elevated [CO2].

Having a pre-determined growth pattern, the number and the length of Scots pine shoots is to a
large extent determined by the number of primordia initiated during the previous year. Therefore it
is possible that sink capacity, after a period of shoot growth, is insufficient to consume the larger
quantities of photosynthetic carbohydrates produced in elevated [CO2] and that photosynthetic rates
are down-regulated to match the demand of the sink for carbohydrates, resulting in the reduction of
RGRm. More rapid growth in elevated [CO2] leads to more rapid canopy development with
increased competitive ability. Reduced photosynthesis resulting from increased needle self-shading
may have limited growth. But on the other hand, there might also have been less growth after
canopy closure because of insufficient space, and this could result in a negative feedback on
photosynthesis. Photosynthesis mirrored all or some of the above mentioned limitations and this
resulted in the decreased RGR. Differences between the photosynthetic rates of one-year-old
needles in the two treatments were not significant in the beginning of the 1997 growing season (8%
lower in the elevated [CO2] treatment), when the trees were actively growing in height and canopy
closure was not yet attained and thus sink demand was high. Photosynthesis declined significantly
in elevated [CO2] when compared with ambient [CO2], in the mid-summer  (by 36%), when height
growth was completed, as a result of increased self-shading and source-sink problems. In
September, decline in photosynthesis was slightly lower (by 23%) than two months before,
probably because of stem diameter and root growth and therefore higher sink demand and increased
nutrient acquisition. However, for ontogenetic reasons, RGR declines as plants gets larger. Thus, if
young trees grow bigger more quickly in elevated [CO2], it might be expected that this decline in
RGR would be brought forward.

9.9.5 Relevance and future studies

During the final harvest, in October 1998, significantly increased biomass of all plant components
was found after three years of growth in elevated [CO2]. The root/shoot ratio almost doubled,
indicating a considerable biomass allocation underground. The highest biomass increase took place
in fine roots (< 2 mm).  In particular a larger amount of dead roots was found suggesting higher root
turn-over in elevated [CO2].

Tree ring width was significantly increased in elevated [CO2], primarily because of more sensitive
responses of earlywood.  However, mechanical properties of wood were also strongly influenced.
Wood pression strength was lower in the elevated [CO2] treatment, as well as wood density. Thus
increased wood production resulting from doubling [CO2] leading to increased stem radial growth
was not met by higher wood quality. although wood quality is of utmost importance in forest
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production. Moreover, lower wood quality found in Scots pine in elevated [CO2] may have
implications for forest stand stability in the future climate. Therefore, future studies should focus on
effects of long-term treatment on wood properties.
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9.10  Overall conclusions and outlook

The linear relationship between net [CO2] assimilation of leaves and stomatal conductance
depending on [CO2] concentration indicate that one of the major effects of rising atmospheric
concentration will be the effect on water use efficiency of tree stands. The loss of transpired water is
essentially reduced with increasing [CO2] concentration. Rising temperatures which are predicted to
occur simultaneously with increasing atmospheric [CO2] concentrations will most likely enhance
the positive [CO2] effect up to an optimum around 30 °C, at least in case of the dominant deciduous
tree F. sylvatica in Central Europe. On one hand, light is the most important limiting factor for the
[CO2] effect so that light distribution in the canopy determines the effect on carbon uptake,
allocation and growth quantitatively. On the other hand, strong correlations between leaf nitrogen
contents and the key parameters of photosynthesis indicate that effects of [CO2] on tree stands can
only be fully understood in relation to nitrogen supply. All results show that acclimation of most
tree species (e.g. Scots pine, spruce, oak and beech) to rising [CO2] concentrations will not occur so
that in total a positive effect on the growth of single trees and tree stands can be deduced from the
observations.

Long term effects of elevated [CO2] on forest stands will mainly depend on the capacity of trees to
allocate the additionally assimilated carbon to stems and roots and, via leaf litter deposition, root
turnover, mycorrhizae and root exudation to the soil carbon stock. Their microbial decomposition
will depend not only on the quantities of carbon but also on litter quality. Therefore, in order to
complete our knowledge about [CO2] effects on the carbon cycle of forest ecosystems in an
environment of rising temperatures and [CO2] concentration one should focus further investigations
on carbon allocation to roots and their carbon losses by respiration and determine root-turnover and
litter decomposition rates in environmentally defined conditions.

Essentially the magnitude of a particular species response to elevated [CO2] is dependent upon the
extent to which plant C:N ratios are altered, relating ultimately to shifts in biomass allocation and
accumulation and hence nutrient use efficiency (NUE) (Kirschbaum et al., 1994; Medlyn and
Dewar, 1996). As a consequence of the new knowledge and gaps in the work reported here and in
the current literature, the following areas of research would further enhance our understanding of
how trees and forests are likely to respond to increasing [CO2] in the future.

- Despite the nearly universal stimulation in net photosynthesis as a result of elevated
atmospheric [CO2], many of the mechanisms and controlling factors behind this response
remain elusive.  Only by a clear understanding of such processes, will we be able to understand
why the photosynthetic response differs amongst species, and if such differences in the ability to
utilise enhanced carbon substrate will confer a competitive benefit to those species best able to
adapt physiologically to future [CO2].

- Shifts in photosynthesis and carbon allocation should not be underestimated as they determine
both the efficiency with which substrate is used and the extent of its productive investment, and
thus the future photosynthetic potential of the whole plant.

- How will growth and bud phenology respond over the long term to elevated [CO2]?  Will the
reduction in the growing season observed in a number of studies (e.g. Sitka spruce) with low
nutrient supply rate still hold true when atmospheric [CO2] rises slowly?  More phenological
studies across a wide range of species are required as the response of bud phenology to elevated
[CO2] appears to be species specific (Murray and Ceulemans, 1997).  Will any effect of [CO2]
on bud phenology confer an overall benefit to the plant in terms of increased frost hardiness or
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will its competitiveness be reduced by being unable to maximise the growing season?  Will the
forest tree species be able to respond to the predicted increase in length of the growing season?

- Of interest and significant importance are studies investigating the differing response to elevated
[CO2] between species with determinate and indeterminate growth patterns.  Can species with
an indeterminate growth pattern respond more rapidly and strongly to increasing [CO2] as is
indicated by the wide variation of response amongst individuals of beech with varying capacity
for tree growth?  Does the difference in species growth patterns help explain some of the
discrepancies found in the current literature concerning growth and biomass allocation
responses?

References

Kirschbaum, M.U.F., King, D.A., Commins, H.N., McMurtrie, R.E., Medlyn, B.E., Pongracic, S.,
Murty, D., Kieth, H., Raison, R.J., Khanna, P.K. and Sheriff, D.W.  (1994) Modelling forest
response to increasing CO2 concentration under nutrient-limited conditions.  Plant, Cell and
Environment, 17, 1081-1099.

Medlyn, B.E. and Dewar, R.C.  (1996) A model of the long-term response of carbon allocation 
and productivity of forests to increased CO2 concentration and nitrogen deposition.  Global 
Change Biology, 2, 367-376.



297

CHAPTER 10
BELOW-GROUND RESPONSES TO ELEVATED CO2

Ivan A. Janssens, Paolo De Angelis, Ana Rey, Valérie le Dantec, Manfred Forstreuter and
Reinhart Ceulemans

10.1  Introduction

Below-ground responses of trees are important because they influence the ability of trees to acquire
nutrients, and determine whether the stimulation of biomass production (Medlyn et al., this volume)
can be sustained over longer time periods.  In view of the Kyoto protocol, below-ground responses are
also of major concern because of the potential of soils for long-term carbon sequestration.  During the
past decades, increased below-ground sink capacity, in response to the rise in atmospheric CO2
concentrations, may have contributed significantly to the so-called missing sink (Scholes, 1999).
Large uncertainties remain, however, on whether this sink activity will be sustained in the future.

Next to the stimulation of photosynthesis and biomass production, the shift in carbon allocation to the
roots and root-associated microorganisms is the most striking effect of CO2 fertilization.  This
increased below-ground allocation is probably the tree’s response to maintain its functional
equilibrium (Schulze, 1982; Wilson, 1988), because the enhanced carbon availability increases the
demand for nutrients and, therefore, the proportional allocation of carbon shifts to the roots.

As elevated CO2 stimulates biomass production, also litterfall and rhizodeposition will increase.
Although there is no conclusive evidence for long-term litter decomposition rates in response to the
increased C/N, the enhanced input of labile carbon into the soil is expected to influence soil
microbial communities and subsequent decomposition rates, nutrient availability, and C storage in
soils.

In this chapter, we will present an overview of the most relevant below-ground responses of trees to
elevated CO2 as found in the ECOCRAFT project.

10.2 Root Responses to Elevated CO2
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Figure 10.1 Effect of elevated [CO2] on root production in three tree species grown in the open-top chambers at Headly
(FC). Data from Crookshanks et al. (1998).
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Whether the potential increase in plant growth under elevated CO2 is realized and/or sustained, is a
function of nutrient and water availability and of the ability of plants to compete for these resources
with non-symbiotic soil biota.  In elevated CO2, plants generally increase their nutrient uptake
capacity by allocating more C below-ground, resulting in higher fine root production rates (Figs. 1
and 2).  As there appears to be no negative effect of elevated CO2 on fine root longevity, the
enhanced root production rate results in larger fine root density.  In a review by Rogers et al. (1994)
a large majority of the approximately 150 plant species showed increased fine root biomass in
response to elevated CO2.  Also in the ECOCRAFT experiments increases in fine root density have
been observed e.g. +30% in the mini-beech stands at UPS, +150% in the birch experiment at
UEDIN (Rey et al., 1997), although in some cases the observed increse in root mass is the result of
speeded up ontogony and the resulting larger plant size in elevated [CO2] than in ambient [CO2].

In addition to increases in fine root density, trees enhance their ability to acquire nutrients via
alterations in root morphology and root architecture.  Trees grown under elevated CO2 have been
shown to initiate more lateral root primordia, leading to increased root branching and a more
thorough exploration of the soil.
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Figure 10.2 Effect of elevated [CO2] on root production (mass and length) in Pinus sylvestris seedlings grown in open-
top chambers (UIA). Data from Janssens et al. (1998)  Error bars ± 1 standard error, n = 10..

Beside changes in root mass, morphology and structure, changes in physiology also occur in the
rooting system under elevated [CO2].  These functional changes include enhanced fine root
production and loss, alterations in nutrient uptake kinetics (Bassirirad et al., 1996), and possibly
quantitative or qualitative changes in root exudation (Norby et al., 1987).  Typically, root protein
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and nitrogen (N) concentrations decrease in elevated [CO2]  (Cotrufo et al., 1998), resulting in a
reduced specific root respiration rates (Figure 10.3).  This decrease in root N concentrations is,
however, rather small and highly variable (Janssens et al., 1998).  Whether or not specific root
respiration rates are enhanced, the increased below-ground C-losses from root respiration and
rhizodeposition by the significantly expanded root system are expected to result in significantly
higher soil CO2 efflux rates, which could explain the absence of significant growth responses to
elevated [CO2] observed in some studies (Norby et al., 1992).
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Figure 10.3 Effect of elevated [CO2] on specific root respiration rates in three tree species grown in open-top chambers
at Headly (FC). Data from Crookshanks et al. (1998).

10.3 Effects of Elevated CO2 on Mycorrhizae

It has been hypothesized that trees growing in elevated CO2 would allocate more C to root-
associated microorganisms (symbiotic N fixers and mycorrhizae, mineralizing rhizosphere
bacteria), which would result in enhanced nutrient acquisition by the trees (Luxmoore, 1981).
Mycorrhizal hyphae are indeed more energy-efficient in exploring the soil and translocating
nutrients than roots of the host plant (Marshall and Perry, 1987).  With their extraradical hyphal
network mycorrhizae explore the soil more thoroughly and transfer the absorbed nutrients and water
to their plant host.  Mycorrhizae are also beneficial to their host plant by increasing drought
tolerance and enhancing resistance to pathogens and pollutants.  Since elevated [CO2] has the
largest effect on biomass production in conditions of high nutrient availability (Ceulemans and
Mousseau, 1994), increased mycorrhizal exploration of the soil in elevated [CO2] will be of great
importance to sustain enhanced tree growth rates, especially in low nutrient conditions (Hodge,
1996).  Increased mycorrhizal biomass provides evidence for increased C-sink strength of the
fungal symbiont (Klironomos et al., 1997), thus relieving potential inhibition of photosynthesis in
host plants growing in elevated [CO2] (Bazzaz, 1990).  In recent years, several experiments have
been done to test the hypothesis of increased mycorrhizal activity in elevated [CO2].  The most
frequently measured response is the percentage of roots that is infected.  A small majority of the
studies on trees report larger percentages of infected root tips (Ceulemans et al., 1999).  This result
may evoke ambiguous interpretation of the effects of elevated [CO2] on mycorrhizal activity.  Since
elevated [CO2] generally enhances fine root density (Rogers et al., 1994), unaltered % of infection
implies significant increases in absolute mycorrhizal numbers and mass.  Mycorrhizal colonization
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measured as percentage of infected root tips is, therefore, a poor parameter to represent mycorrhizal
activity if it is not accompanied by detailed fine root studies (O'Neill, 1994; Hodge, 1996).  In the
UEDIN experiments, Rey et al. (1997) observed a stimulation of both fine root biomass and degree
of infection by mycorrhizal fungi in three tree species (Figure 10.4).
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Figure 10.4 Effect of elevated [CO2] on the percentage of life mycorrhizal root tips of three tree species grown in open-
top chambers in the field (UEDIN). Measurements were done at the end of the growing season. Data from
Rey and Jarvis (1997), and Rey et al, unpublished results.

Elevated [CO2] has been found to accelerate colonization of newly formed root tips (O'Neill et al.,
1987) and to stimulate formation of extraradical mycelium (Ineichen et al., 1995; Tingey et al.,
1995; Godbold et al., 1997; Klironomos et al., 1997).  The latter phenomenon is of utmost
importance for soil exploration and subsequent nutrient translocation to the host.  It has also been
shown that elevated [CO2] induces changes in mycorrhizal species composition (O'Neill et al.,
1987; Godbold & Berntson, 1997; Godbold et al., 1997; Rey & Jarvis, 1997).  Since species differ
in their ability to acquire nutrients (Jakobsen, 1995), changes in species composition will alter the
nutrient status of the host plants.  Hence, increases in mycorrhizal mass or hyphal length can not be
directly extrapolated to increases in nutrient translocation to the host plant (Klironomos et al.,
1997).  Ecological studies on root-mycorrhiza relations should, therefore, concentrate not only on
mycorrhizal biomass or colonization, but also on fungal species composition and diversity.

10.4 The Decomposition Feedback

Since atmospheric CO2 concentrations are small compared to those observed in the soil (~3%), it is
highly unlikely that a doubling of the atmospheric CO2 concentration will directly affect soil biota.
Indirect effects, however, are likely to occur.  As elevated [CO2] stimulates biomass production,
also litterfall and rhizodeposition will increase.  In the birch experiment at UEDIN, Wang et al.



301

(1998) simulated the carbon balance of the young trees and found a four-fold increase of the carbon
going below-ground.  This increased delivery of labile organic matter to the soil could influence soil
microbial communities and subsequent decomposition rates, nutrient availability and C-storage in
soils (Curtis et al., 1994).  There are, however, contradictory hypotheses about the direction in
which nutrient availability is affected.  Diaz et al. (1993) hypothesized that more nutrients would be
immobilized in the larger microbial biomass, while Zak et al. (1993) hypothesized that the input of
reduced C in the soil would enhance mineralization.  However, the effect of elevated [CO2] on soil
microbial biomass is still uncertain (O'Neill, 1994; Sadowsky and Schortemeyer, 1997), and the
suggested changes in microbial species composition and dominance patterns in response to elevated
[CO2] also remain uncertain.  Both changed and unchanged communities have been reported and
further research is required to clarify how soil biota and food chains respond to elevated [CO2], and
in which way this would affect nutrient availability in the soil.

In addition to the quantitative changes in litter production, qualitative alterations in plant tissues
raised in elevated CO2 have also been observed.  Changes in tissue composition originate from (i)
chemical changes in the green tissues produced during growth in elevated [CO2], (ii) changes in
plant species composition in elevated [CO2], (iii) from shifts in biomass allocation resulting in
higher relative contribution of root litter, which decomposes more slowly than leaf litter, and of
mycorrhizal detritus, the decomposition rates of which are unclear.  Together with soil climate and
structure of the soil microbial communities (Coûteaux et al., 1991), substrate quality is one of the
key factors regulating decomposition patterns and rates.  The most important chemical
characteristics influencing decomposition are C/N ratio, lignin concentration, and soluble
polyphenols (Swift et al., 1979).  The main change in chemical composition of tissues grown in
elevated [CO2] is accumulation of total non-structural carbon (TNC).  Since sugars and starch are
highly palatable components, they will be among the first to be degraded.  Decomposition rates of
plant residues grown in elevated [CO2] could, therefore, be enhanced during the first few weeks, but
it is unlikely that accumulation of TNC will affect decomposition patterns after this initial phase
(Berntson and Bazzaz, 1996), because the concentrations of TNC in senescent tissues are also much
lower than in green tissues.  According to the carbon/nutrient balance hypothesis (Bryant et al.,
1983), accumulation of TNC would increase the production of C-based secondary compounds such
as lignins, condensed tannins, other polyphenols, terpenes, etc. (Gebauer et al., 1998), which have
been shown to decrease decomposition rates.  There is, however, no conclusive evidence that
increases in TNC stimulate production of these carbon-based compounds (Gebauer et al., 1998).
The response of lignin concentrations to elevated [CO2] has, for example, been found to be positive,
absent, or even negative.

It is also widely accepted that plants grown in elevated [CO2] have lower tissue N concentrations,
and thus higher C/N ratio’s.  In their review on C/N ratios in tissues of plants grown in elevated
[CO2], Cotrufo et al. (1998) did indeed report an overall increase of 14%.  Although large
differences were observed between plant species, the reduction in N concentration was largest in C3
plants (16 %), and also larger in tree leaves (19%) as compared to roots (9%).  Because of
retranslocation of N prior to abscission, the increase in C/N ratio in leaf litter was less dramatic
(11%).  It has been suggested that these decreases in N concentration originate from the dilution
effect of TNC accumulation.  In the experiment of Poorter et al. (1997) on 27 C3 species, however,
decreases in organic N were still present on a TNC-free basis, indicating that the reduction in N
concentration is at least partly an independent phenomenon, very likely in large part the result of the
higher growth rates in elevated [CO2] than in ambient [CO2].

Long-term (> 3 years) decomposition studies of both Mor- and Mull litter types (Berg and Staaf,
1980; Aber et al., 1990), indicated that decomposition is best described by a two-phase negative
exponential model.  Whereas initial mass loss rates are stimulated by high nutrient concentrations,
rates in a later phase appear to be controlled by lignin degradation.  Reduced tissue N
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concentrations are expected to slow decomposition, especially in the first decomposition phase.
However, in a review by Fog (1988) evidence was reported that decomposition rates were
suppressed by high N concentrations.  This effect would occur during the second phase, and may
result from the repressive effect of ammonia on the formation of ligninolytic enzymes by soil
microbes (Keyser et al., 1978), thus retarding lignin decomposition.  In some long-term studies,
mass loss rates in the final stage of decomposition became unmeasurable, indicating that the
remaining litter was highly undegradable.  It has been suggested that N would chemically react with
lignin degradation products to form highly recalcitrant heterocyclic condensation products
(Nömmik and Vahtras, 1982).  The higher the initial concentrations of N and lignin in litter, the
more recalcitrant molecules would be formed and the higher would be the soil organic matter build-
up (Berg et al., 1995).  As far as we know, no long-term decomposition studies on tree tissues
grown in elevated [CO2] have been published.  The few short-term studies that have been made do
not provide conclusive evidence for the predicted decrease in the initial mass loss rates (O'Neill and
Norby, 1996).  Decreased (Coûteaux et al., 1991; Cotrufo et al., 1994; Boerner and Rebbeck, 1995;
Cotrufo and Ineson, 1995), unaltered (Cotrufo et al., 1994; Cotrufo and Ineson, 1995; O'Neill and
Norby, 1996) and increased (Coûteaux et al., 1991) tree litter decomposition rates have been
reported.  This inconsistency probably relates to the large variation in the C/N ratio of the litter
produced in elevated [CO2] (Cotrufo et al., 1998), to the increase in TNC which has the opposite
effect on mass loss rates during the initial phases, or to differences in the experimental approach
(O'Neill and Norby, 1996).

10.5  Soil CO2 Efflux
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Figure 10.5 Stimulation of soil CO2 efflux in elevated [CO2]  in the different ECOCRAFT experiments.

As a result of the increases in root growth, root biomass and litter production, soil CO2 efflux is also
expected to increase in response to CO2 enrichment.  However, this was not always found to be the
case in the ECOCRAFT experiments (Figure 10.5).  In only half of the experiments were significant
increases found. Overall, the median value was a 19% stimulation, but in two experiments a (non-
significant) negative response was observed.  Negative effects of CO2 fumigation on soil CO2 efflux
have also been reported in other studies (Oberbauer et al., 1986; Ineson et al., 1998), and probably a
number of studies in which no enhanced soil CO2 efflux was observed were never reported.  In the
Swiss FACE experiment, a 10% decrease of soil CO2 efflux coincided with a remarkable increase in
denitrification rates (Ineson et al., 1998).  This larger N loss from the soil, combined with the
increased N uptake by the plants and the input of C-rich and N-poor litter may, therefore, have
limited microbial activity in this study, thus reducing SOM decomposition rates and possibly
causing the observed decrease in CO2 efflux.  The stimulation of microbial respiration by elevated
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[CO2] has indeed been found to be significant in fertilised, and negligible in unfertilised plots
(Körner et al., 1997; Le Dantec et al., 1997)(see also Fig. 6), although Vose et al. (1997) observed
no N effect on soil CO2 efflux.
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Figure 10.6 Effect of elevated [CO2] on soil CO2 efflux in beech seedlings grown under two nitrogen regimes in the
mini-ecosystems.  Error bars represent a standard deviation of 3 collars, each sampled 42 times throughout
the season (UPS).

10.6  Conclusions

Most data from CO2 enrichment studies on trees and forest ecosystems indicate a large increase in
the amount of carbon deposited in the soil by enhanced turnover of roots and mycorrhizae and by
increased litterfall.  Soil CO2 efflux, on the other hand, was not found to be stimulated to the same
extent.  Thus it seems likely that large amounts of carbon were being sequestered in the soil in the
elevated [CO2] treatments.

Whether the potential growth enhancement in elevated atmospheric CO2 is sustained depends on a
number of below-ground negative and positive feedbacks that are simultaneously influencing
nutrient acquisition by the trees through alterations in the root system, stimulation of mycorrhizal
associations, increased C/N ratio’s of plant tissues and changes in decomposer communities.  The
modelling approaches described in Chapter 8 have, out of necessity, made assumptions with respect
to the feedbacks involveing these below-ground processes.  The large uncertainties that remain with
respect to these processes below ground stress the need for more long-term studies on the feedback
effects in the C and nutrient cycles.
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CHAPTER 11
DESCRIPTION OF NEW FACILITIES

Sune Linder, Seppo Kellomäki and Michal Marek

11.1 Introduction

During the last decade a large number of studies have been performed regarding the effects of
elevated CO2 and temperature on tree species (See recent reviews by Ceulemans and Mousseau,
1995; Saxe et al, 1998).  Most of these studies have, however, for practical reasons been using
seedlings and performed over relatively short time periods.  A varity of techniques has been used,
but in most cases without the possibility of a good temperature control (cf. Schulze and Mooney,
1994).  To be able to study long-term effects and feed backs there is need for plants with a long
lifespan, such as trees, to have experimental facilities where trees can be grown for many years
under well defined and controlled conditions.

During the previous ECOCRAFT project (Jarvis, 1998), a large body of experience was
accumulated on how to study the impacts of elevated CO2 and temperature on physiological and
ecological performance of trees in laboratory and field conditions (cf. Pontailler et al. 1998).  This
experience has been utilised when establishing new facilities in Finland, Sweden, and The Czech
Republic, for long-term studies of the impact of climate change on trees.  The common goal of
these experimental facilities is to expose trees to well-controlled conditions of elevated CO2 and/or
temperature to analyse the effects on the structure and function. Two important Europen conifer
species, Scots pine (Pinus sylvestris) and Norway spruce (Picea abies) have been chosen as
experimental material.  In Finland (Pinus) and Sweden (Picea), the experimental trees are growing
in forest stands and are past the juvenil stage.  This provides the opportunity of studying mature
trees under altered, but well controlled environmental conditions.

The Czech experiment (Picea) studies the effect of elevated CO2, while in Finland the effect of
elevated CO2 and temperature can be studied separately or in combination.  The Swedish
experiment is initally studying the interaction between elevated CO2 at different availability of soil
nutrients, but will at a later stage include the interaction with elevated temparature as well.  In this
chapter the three facilities are described in terms of design, construction, performance, and some
preliminary results are given.

11.2 New Facilities in Finland

11.2.1 Background and Objectives

The experiment was established in a naturally seeded 28-year-old (1998) stand of Scots pine located
near the Mekrijärvi Research Station (62o 47' N, 30o 58' E, 145 m a.s.l.), in eastern Finland.  The site is
of Calluna type with poor nitrogen supply.  The stand has a mean height of 3-4 m and a stand
density of 2500 stems per hectare.  The leaf area index of the tree canopy is 1-2 m2 m-2 (total),
which represents a needle biomass of about 0.2-0.3 g m-2.

In 1996, twenty trees of approximately the same crown size and height were chosen and 16 of the trees
were enclosed in individual whole tree chambers.  These chambers was an addition to a previous set 16
whole tree chambers, which had been operating at the site since 1991.  Based on the previous
experience the new chambers have a completely new design and control system.  A main objective for
the new chamber design was to construct a facility which can be used for assessing medium and
long-term effects of elevated concentrations of atmospheric CO2 and increased temperature on the
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physiological and ecological response of Scots pine.  The long-term main emphasis will be on the
physiological and structural acclimation to climate change.

Figure 11.1  Overview of the experimental site at the Mekrijärvi Research Station with 16 chambers for the study of
physiological and ecological responses of Scots pine to the elevated CO2 and temperature  (for further details
of the experiments, see internet:http://mekri26.joensuu.fi/kasvih/kasvih.htm and http://.../ghouse/kasvih.htm).

11.2.2 Design and Construction of Chambers

The chambers have a cylindrical structure with eight walls, and an internal volume of approximate 26.5
m3 and cover a ground area of. 5.2 m2.   The four walls facing south and west are constructed from 12
pieces of double-walled glass (K-glass+AS Green, Eglars Oy, Finland) on a frame of anglur steel.  The
outer side of the glass sheets is an anti-sun glass with low transparancy of infra-red radiation and the
inner side is a special heatable glass.  The four north and east-facing walls are made of double-wall
acrylic sheets.  The inner ribs in the acrylic sheet form a series of closed cells which provide stiffness
and mechanical strength.  The acrylic sheets have a transparency (ca. 85% within the range 400 – 700
nm).  Three small vents are partly open at the bottom of the northern walls.  A door on the northern
wall provides access to the chamber.  The walls of the chambers extend 50 cm into the soil, which
prevents the soil in heated chambers from freezing.  The walls also restrict the roots of the chamber
trees to grow outside of the chamber and prevent root from surrounding trees to enter the chamber. The
roof of the chamber consists of eight triangular acrylic plates.  Precipitation collected by the roof of the
chamber is ducted into the chamber and distributed unformally.  Volumetric soil water content is
monitored by means of four soil moisture probes (ThetaProbe ML1, Delta-T Devices Ltd.  U.K.), at
depths of 5 cm and 15 cm.  During the growing season, soil water is supplied to the chambers to
mainataina a similar soil water content in the chambers as outside.  Unfiltered air is taken 3.5 m above
the ground and fed into the chamber by a fan blower (K 250 M, max. air flow 0.22 m3 s-1).  The flow
rate can be manually adjust with a butterfly valve.

11.2.3 Control system for CO2 and temperature

The CO2 control system for each chamber consists of a CO2 transmitter (GMP 111, Vaisala, Finland), a
module (ISM 112, Gantner Electronic GmBH, Austria), and a CO2 proportional valve.  The dectector
used in the CO2 transmitter is a single wavelength non-dispersive infrared gas sensor and not sensitive
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to other gases, including water vapour.  The sensor is diffusion aspirated, i.e. the CO2 enters the
transmitter through a permeable membrane and therefore the response time is affected by the rate of
ventilition in the chamber.  Given a relative constant rate of ventilation, the target concentration of CO2
in the chamber is obtained by the coordination between the transmitter, the module, and the CO2 valve.
The temperature control in each chamber is obtained by means of a heat exchanger linked to a
refrigeration unit (CAJ-4511 YHR, 3 kW, L’Unité Hermétique, France), a set of heatable glass
windows, and mixing of the air in the chamber.  The evaporator coils of the heat exchanger have a size
of 1.0 x 0.6 x 0.2 m.  The large size allows a low coil to air temperature difference and reduces
condensation and iceing on the coils.  A resistance heating of the evaporator coils is used to defrost the
evaporator.  The refrigeration is operated by a module-controled rely.  The total heating power in each
chamber is 5.64 kW.

The computer-control can automatically adjust temperature and CO2 concentration to maintain the
ambient conditions inside the chambers, or to achieve a specified enrichment of CO2 and/or rise in
temperature.  The CO2 and warming treatments are running throughout the year and are designed to
correspond to the climatic scenario predicted for the site after a doubling of the atmospheric
concentration of CO2.

11.2.4  Treatments and measurements

The experimental design consists of four treatments:
I. ambient temperature and CO2 concentration (CON),
II. elevated concentration of CO2 (EC; 700 µmol mol-1),
III. elevated temperature (ET), which during May through September is ambient + 2 oC, October

through November, and March through April, ambient + 4 oC, and December through February
ambient + 6 oC,

IV. elevated concentration of CO2 and temperature (ECT)

Each treatment is replicated 4 times and treatments were commenced on September 1, 1996.  In
addition to the Scots pine tree, enclosed in each chamber, the experiment includes potted seedlings
(1-2 years old) of Scots pine (Pinus sylvestris), silver birch (Betula pendula), and Norway spruce
(Picea abies).  These seedlings are grown in the chambers to study species differences in the
response to the elevated CO2 and temperature.  The potted Scots pine seedlings supplement the
measurements of the older pines and will reveal if there are differences in the response to treatment
as an effect of age.

Relative humidity and temperature within the tree crowns is recorded using a relative humidity and
temperature probe (HMP131Y, Vaisala Inc., Helsinki, Finland), in which the relative humidity is
measured by a Vaisala 'Humicap' sensor.  In addition, global solar radiation (Model SKS1110 silicon
pyranometer, Skye Instruments, U.K.) is measured at two levels within the crown (top and middle).
All sensors are connected to a data logger and measurements are taken at 15 seconds intervals.

Effects of treatment on the photosynthetic performance of the trees is measured in terms of the
chlorophyll fluorescence and gas exchange measurements using trap-type cuvettes and portable
porometers.  The same type of measurements are made on the seedling material.  Total transpiration
of the trees is measured by means of sap flow technique.  Laboratory measurements are also carried
out to study how a long-term increase of temperature and CO2 concentration may affect
photosynthesis, transpiration, and foliar chemistry of the trees and seedlings.
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Figure 11.2  A: The temporal course of solar radiation, CO2 concentration, air temperature, water vapour deficient, and
soil moisture outside (OUT), and inside chambers with ambient (CON) or elevated temperature (Elev. T),
and or CO2 (Elev. C);  B: CO2 concentration in chambers with elevated CO2 (upper left), and temperature
difference between outside and warmed chambers (upper right) expressed in per cent of exposure time.
Target values were 700 µmol mol-1 and +2 oC, respectively.  The lower frames show the reduction of
radiation in chambers, in per cent of radiation above the canopy (left) and the percentage change in relative
humidity in warmed chambers (right) relative to ambient relative humidity.  The example is taken from mid-
June to mid-July, 1998.
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11.2.5  Preliminary Results

Performance of the chambers

The CO2 concentration in control chambers (CON), closely follows the ambient. CO2 concentration.
In chambers with elevated CO2, the target level (700 µmol mol-1) is maintained within the range 600 –
800 µmol mol-1 most of the time (Figure 11.2B).  Similarly, the temperature elevation is within the
range 2 – 4 oC with a mean close to the target value.  The increase in  temperature, however, seems to
reduce the relative humidity of the air in the warmed chambers.  The material used in the walls of the
chambers cuts 25-30% of the incoming radiation without any major change in the spectral properties.
For further details see Kellomäki et al., 1999.

Treatment effects on canopy structure

Elevated CO2 concentration (EC) substantially increased the length, mass and area of needles, but
the elevated temperature (ET) had the opposite effect.  Under the combined elevation of CO2 and
temperature (ECT) the dimensions of needles fell between these extremes.  The effects were most
pronounced in the upper part of the crown.  Elevated CO2 (EC) increased the mass more than the
area with a consequent reduction of the specific leaf area.  Under the elevated temperature, the
effect was opposite with the implications that the specific leaf increased.  Furthermore, the increase
in mass was relatively larger than in length.  Throughout the crown, the combined effect of
increased CO2 and temperature (ECT), increased foliage area more than foliage mass.

Treatment effects on transpiration

A diurnal variation of total sap flow (Ft) was evident during the period of measurement (Days 167-
198, 1997) regardless of the treatments, with a range from 0.15 to 2.82 kg tree-1 d-1.  Elevated CO2
(EC) reduced Ft by 4-14% compared with the control (CON) on most days (P 0.042 to 0.108), but
was slightly increased on some days (P>0.131), depending on the weather conditions.  Although the
decrease in Ft caused by EC was statistically significant on a few days only (P<0.042), the cumulative
Ft over the 32 days decreased by 14% (P=0.047), indicating that EC may have an important influence
on seasonal water use of the Scots pine.  Analysis of the diurnal courses of sap flow combined with
corresponding weather conditions indicated that EC-induced a decrease in Ft, which could be largely
attributed to an increase in stomatal sensitivity to vapour pressure deficit (VPD), whereas the CO2-
induced increase in Ft was related to an increase in stomatal sensitivity to low light levels.  Elevated
temperature (ET) increased Ft by 11-36% throughout the measuring period and the cumulative Ft for
the 32 days by 32.5% (P=0.019), which could be largely attributed to increased VPD, a temperature-
induced increase in current-year needle area, and a decrease in stomatal sensitivity to high levels of
VPD.  There were no significant interactive effects of CO2 and temperature on sap flow, so that ECT
had approximately the same Ft as did ET and similar diurnal patterns of sap flow, suggesting that the
temperature factor played a dominate role in the case of ECT (cf. Kellomäki and Wang, 1998; 1999).

11.3 New Facilities in the Czech Republic

11.3.1 Background and Objectives

During the last decades several types of plant exposure systems have been developed for exposing
plants to an atmosphere with altered composition, where one or several gases have been added, e.g.
SO2. NOx, O3, and CO2.  Each of these systems has its advantages and disadvantages (Allen  et al.,
1992), but for field exposure of trees to elevated CO2 open top chambers (OTC) and free air carbon
dioxide enrichment (FACE) seem to be most suitable. Both of these techniques can be used for
studying natural vegetation in situ under close to natural conditions. Close to constant
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concentrations of CO2 can be maintained in OTCs, but temperature, humidity and wind are different
from the outside ambient conditions (Janouš  et al., 1996).  A large number of OTCs are also
needed to cover the natural variability occuring within species and ecosystems.  FACE systems are
closest to natural environmental conditions, but characterised by spatial gradients and short term
variations in CO2 concentrations.  A major limitation with FACE is, however, the high consumption
and cost of CO2 when used in tall vegetation such as a forest.  To overcome some of the limitations
and problems with OTCs and FACE a new technique – ‘The lamellar sphere’- was developed. The
lamellar sphere is based on a combination of the OTC and FACE techniques and can be seen as a
semi-open FACE system.

The main goal when designing the lamellar spheres was to have a facility where the CO2
concentration could be elevated and kept constant while minimising the impacts of the sphere on
other environmental factors (amount and quality of radiation, temperature, air humidity, soil
moisture, and air exchange at the surface of the needles).

Figure 11.3.  Overview of the experimental research site Bílý Kríž with the two lamellar spheres. Each sphere has a
ground area of 9 x 9 m and a height in the middle of 7 meters. The total weight of a sphere is approximately
17 tonnes.  The control stand is seen to the right of the spheres.

Two lamellar spheres (Figure 11.3) have been built at the experimental research site Bílý Kríž,
located in the Moravien-Silesian Beskydy mountains in the Czech Republic (49o 33’ N, 18o 32’ E,
908 m a.s.l.). The bedrock is formed by Mesozoic Godula sandstone (flych type), with ferric
podzols. The climate is cool, humid, and with high precipitation. The annual mean temperature is
4.9 °C, and mean annual precipitation is 1100 mm. The average number of days with the snow
cover is 160 days.  The site is located in a mildly polluted region, with a mean annual SO2
concentration of 20 - 26 µg.m-3.

Three identical, stands of twelve-year-old Norway spruce (Picea abies) trees were planted. Two of
these stands are covered by the lamellar spheres, the third stand is an open grown control (C).  One
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sphere has ambient CO2 concentration (A), and the other a concentration which is ambient + 350
µmol CO2 mol-1 (E).  The total number of trees in each plot is 56, of which 32 form a buffer around
the measured trees.  The trees are planted at two spacings to estimate the impact of stand density on
structure, growth, and competition in relation to CO2 concentration.  In 1998, the mean tree height
was 1.7 m and projected leaf area index in the areas with low spacing 0.9 and in the denser areas 1.7
m2 m-2.

11.3.2 Design and Construction of Chambers

The area of each lamellar sphere is 9 x 9 m and the height 7 m in middle.  Because of strong winds,
heavy snow cover, and frost loading at the experimental site, the spheres are anchored on a concrete
basement (depth: 0.9 m); and consists of a massive iron frame (approximate weight: 17 tons) with
turnable lamellar windows. The lamellar windows (72 pieces) are made of safe-glass (6.4 mm).
The total shell area of the sphere is 230 m2.  The movement of lamellar windows is by means of a
set of electrical engines, gearboxes, transmission, and draw bars.  The opening and closing of
windows at different heights and sides of the sphere can be done individually. In automatic control
mode the windows can be closed or fully open (90o), but can manually be adjusted in steps of 10o.

11.3.3  Control system for temperature, CO2 concentration, and soil water

The climatic conditions in the spheres are regulated by the system of turnable lamellar windows,
which cover the spheres, and by an air climatisation unit.  The positioning of the lamellas is
automatic and depends on wind direction and velocity, measured at a height of 12 m by a wind
direction indicator and an anemometer (AN1, Delta, UK).  The average values over 30 minutes are
used. A reduction in the loss of CO2 is achieved by closing the lamellas halfway on the windward
side. The windows are fully opened if the wind speed is less than 1.3 m s-1.

The climatisation unit (one per sphere) consists of four radial fans (model RNH 400, Janka Radotín
Ltd., CR) with a capacity of giving an air flow of 1.2 m3 s-1.  When all fans are at maximum speed it
is possible to change the total amount of air in the sphere in approximately 2 minutes.  Two fans are
located on the northern side and two on the southern side of the spheres.  The air is blown into the
sphere through eight inlets along the south and north sides.  The inlets are situated about 0.4 m
above the ground and the air flow velocity in the middle of the spheres is about 2 m s-1.  The outside
air is taken through two tree meter high chimneys.  The fans and the air pipes are acoustically
isolated so the ambient noise level does not exceed 35 dB.

There is an automatic system for measuring the atmospheric CO2 concentration in both spheres.
The CO2 concentration is measured at, i) half tree height, and ii) at three meters above ground level.
Mixed samples of air from four points are used for the analysis.  The samples of air are analysed by
means of an infrared gas analyser (WMA-2, PP Systems, UK) and the data stored in data logger
(Delta-T, UK).  The total time of one measuring cycle is about 30 minutes.

Liquid CO2 is stored in a tank with a capacity of 17 tonnes.  The liquid CO2 is transformed to
gaseous phase by means of an evaporator (combination of air and electric evaporator) which leads
directly to the fans.  The total consumption of CO2 is aproximately 100 tonnes per-year.  The peak
consumption is during the summer months.  In winter the lamellas are open and snow covers the
trees.  During this period the climatisation device works at a minimal level, and only a slightly
elevated CO2 concentration is maintained inside the elevated sphere.

The amount of incoming precipitation is drastically reduced by the lamellar windows. For this
reason an automatic watering system was developed. The system is based on comparing the soil
moisture in the open plot with the soil moisture inside the spheres.  The measurements are taken at
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intervals throughout the day.  If the difference between the outside and the inside values of soil
moisture is more than five per cent, an electromagnetic valve of the watering system is opened. The
watering continues until the soil moisture is equal on the outside and inside the spheres.

11.3.4  Measurements of the stand microclimate

The microclimate in the experimental stands is monitored in terms of photosynthetically active
radiation, air temperature, air humidity, soil temperature, and soil moisture.  The timing of the
readings and recordings by the data loggers are synchronised with measurements carried out at the
meterological station for verification and comparison.  The following continuous measurements are
taken:

•  Photosynthetically active radiation (PAR): Measurement of incident PAR is measured by one
sensor at the meterological station and by 2 sensors above the outside control stand.  The
sensors used for radiation measurements are photodiodes (BPW21, Siemens Co, Sweden).  In
each sphere, incident PAR is measured by 2 sensors placed above the canopy, and transmitted
PAR by 12 sensors placed under the canopies (0.1 m above the soil surface).  Reflected PAR is
monitored in each of the three stands using 4 sensors placed above the canopy of each stand.

•  Air temperature: Shaded resistance sensors (Pt100, HIT Co., Czech Rep.) are placed 70 cm
above the soil surface at a distance of 10 cm from the tree stems (north-facing side). Four
sensors are placed in each stand and measured every 30 seconds, 30 minute mean and maximum
values are stored.

•  Relative air humidity: Relative air humidity is measured by 1 sensor in each experimental stand
(A, E, and C).  The sensors are placed at 2 m above the soil surface. in the middle of the stands.
In the spheres relative humidity sensors (RHA1, Delta-T Devices, UK) are used and in the open
control plot a ‘Humicup’ (HMP45D, Vaisala, Finland).  The sensors are read every 30 seconds
and half hour mean and maximum values are stored.

•  Soil temperature: Four resistance sensors (Pt100, HIT Co., Czech Rep.) are placed at a depth of
15 cm in each stand.  Hourly mean values are calculated and stored based on readings every
minute.

•  Volumetric soil water content: Two resistence sensors (VIRRIB, AMET Co., Czech Rep.) are
placed at a depth of 15 cm in each stand (in the middle and the margin) and recorded each day.
The measurements are carried out throughout the growing season.

11.3.5  Preliminary Results

Performance of the chambers

The CO2 concentration in the ambient sphere (A), closely followed the ambient reference value
(355±5.8 µmol CO2 mol-1) throughout the year (Figure 11.4).  The reference value is measured 12
m above ground level.  Increased CO2 levels, within the range 360-380 µmol CO2 mol-1, were found
43% of the time. This may be the effect of the the ambient sphere being close to the sphere with
elevated CO2 concentration.

In the elevated sphere (E), the CO2 concentration was within the range 600-800 µmol CO2 mol-1

during 62% of the time (target value 700 µmol CO2 mol-1). This was true both when calculated on a
daily (data not shown) or a monthly basis (Figure 11.4).  Low CO2 concentrations in the E sphere (<
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500 µmol CO2 mol-1) occurred 10% of the time and was caused by power failure or the storage tank
being empty.  The high CO2 concentrations (> 900 µmol CO2 mol-1) were mainly caused by
overpressure in the storage tank (19% of the time) in combination with the reduction valves in front
of the fans being frozen and not able to reduce the flow of CO2 from the tank.

Figure 11.4 The CO2 concentration in the ambient (left frame) and elevated (right frame) sphere during 1998. The
values are expressed as exposure time in per cent of total time. The target values were 355 and 700 µmol
CO2 mol-1, respectively.

During sunny days in July 1998, when all windows were fully opened, isolines of CO2
concentrations were measured.  The isolines showed very small variation in both the vertical and
horizontal profiles.  The highest variation was observed 0.6 m above ground level, which is where
most of the needle biomass was found.  The difference between maximum and minimum values
was 50 µmol CO2 mol-1, while the difference at 1.5 and 2.5 m above ground level was 30 µmol CO2
mol-1 only.

The penetration of PAR into the spheres was estimated from the incident PAR above the control
stand (C) and the stands within the spheres.  On average 72% ± 3% of incident PAR, measured
above the outside control stand, reached the stands in the spheres (11.5).  It was estimated that the
iron frame of the spheres was responsible for 10% of the reduction, the rest being caused by the
lamellar windows.  No significant changes were observed in the spectral composition of radiation
(400 – 700 nm) inside the spheres.  The effect of the windows depends on the degree of opening,
i.e. the angle between the windows and the sun.  At an optimal angle the penetration reached 77% ±
3% of incident PAR.  This situation occurs only during sunny days, in the absence of a southerly
winds, when the south facing windows are opened.

Figure 11.5  The daily course of relative penetration of radiation into the spheres in per cent of incident radiation (PAR)
measured above the outside control stand.  The left diagramme represents the average during two summer
months, and the right diagramme selected days when the lamellar windows were fully open.
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The average difference in air temperatures between the spheres and the outside was not significant.
The estimated difference during summer days, when the largest difference is to be expected, was
0.2 ± 1.2 °C.  The most pronounced effect of the sphere wasseen around noon (maximum incident
radiation), when the sphere is cooler than than the outside, and during clear nights when it is
warmer inside the sphere as an effect of reduced radiation from the soil (Figure 11.6).  The
difference in relative air humidity (RH) between the inside and the outside of the spheres followed
the air temperature, i.e. lower RH inside the spheres when temperature was higher and higher when
the ambient temperture was lower (Figure 11.6).  Soil temperatures were somewhat higher in the
spheres (ca. 0.5 °C) than in the outside control stand.

Figure 11.6 The diurnal course of the difference in air temperature (open circles) and relative air humidity (filled
circles) between the inside and outside of the spheres.

11.4 New Facilities in Sweden

11.4.1  Background and Objectives

The annual carbon gain in conifers growing at high latitudes is to a large extent constrained by low
temperatures and frozen soils (see review by Havranek and Tranquillini 1995) and by the low
nutrient availability (mainly N) normally found in boreal forests soils (e.g. Tamm, 1991).  The
predicted increase in temperature at high latitudes is that the annual mean temperatures will rise 4-6
°C. (cf. Kirschbaum and Fischlin, 1996), which may have a major impact on the structure and
function of boreal forests.  The increase in CO2 concentration, however, will have a minor effect on
yield as long as nutrients are limiting (cf. Ceulemans and Mousseau, 1993; Linder and Murray,
1998).  This means that manipulation experiments regarding the likely impact of ‘Climatic Change’
in the boreal forest should be designed to separate the effects of temperature, atmospheric CO2, and
nutrient availability.  When designing the new facilities in Sweden an attempt was made to meet
these demands by developing whole tree chambers with temperature and CO2 control, which have
been installed in stands with natural and optimal nutrient availability.  In addition a soil warming
experiment has been established at the same site.
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The manipulation experiments are performed in a long-term nutrient optimisation experiment at
Flakaliden (64°07'N; 19°27'E; alt. 310 m a.s.l.) in Northern Sweden (cf. Linder, 1995).  The
experiment was established in 1986 in a Norway spruce (Picea abies (L.) Karst.) stand, planted in
1963.  The treatments, which began in 1987, include non-treated control plots, irrigation, and two
nutrient optimisation treatments.

The soil is a thin podozolic, sandy, post-glacial till with an average depth of ca 120 cm. The
thickness of the humus layer varies from 2-6 cm.  The monthly mean air temperature at the site
varies from -8.7 °C in February to 14.4 °C in July, and snow usually covers the frozen ground from
mid-October to mid-May.  Mean annual precipitation is approximately 600 mm, and soil moisture
is normally not limiting for tree growth (cf. Bergh et al. 1999).

Figure 11.7  Overview of a control plot at Flakaliden with six whole tree chambers.  The chambers have a temperature
control which is set to maintain ambient (outside) temperature.  Three chambers operate at ambient CO2

concentration (355 µmol mol-1) and three at an elevated CO2 concentration (700 µmol mol-1).

11.4.2  Design and Construction of Chambers

The whole tree chambers (WTCs) have an aluminum frame covered with a PVC plastic.  The
chambers are 3.25 m in diameter and consist of a number of 2.5 m heigh cylinders stacked on top of
each other, ending with a 3 m heigh cone (Figure 11.7).  Each chamber is adjusted to the height of
the enclosed tree, which means that chambers on control plots are 5.5 to 8 m heigh and on the
irrigated-fertilised plot 8 to 10.5 m.  Each chamber has a fan for intake of fresh air giving
approximately two chamber volumes per hour.  For conditioning the air in the chamber an internal
fan is taking air from the top of the chamber and passes it through a large heat exchanger at a rate of
1200 m3 hour.  A floor inside the chamber separates the above-ground parts of the tree from the soil
compartment, which means that the WTC can be used to measure whole tree gas exchange.

11.4.3  Control system for CO2 and temperature

Each WTC is equipped with an infra-red CO2 analyser (PP Systems, U.K.) monitoring the chamber
concentration of CO2.  As soon as the monitored value is below the target value pure CO2 is
injected into the air, which is recircultated within the WTC. The same method is used to maintain
both the ‘ambient’ and elevated CO2 concentrations.
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The temperature within the chamber is tracking ambient temperature outside the chamber by means
of controlling the amount of the recirculated air that passes over the heat exchanger.  The heat
exchanger is cooled by means of circulating glycol.  The temperature of the glycol tracks the
ambient dew point temperature by means of a heavy duty air conditioning unit with a cooling
capacity of 150kW.  In case of power failure or breakdown of the cooling unit a security system has
been installed to avoid over-heating of the WTCs.  If a chamber is over-heating the top of the
chamber will open up and a strong fan will blow ambient air into the chamber.  If the reason for the
problem is power failure a petrol driven generator will provide electricity for the fans.

11.4.4 Treatments and measurements

Six chambers are installed on a control plot (C) and six on an irrigated-fertilised plot (IL).  The
chambers were operational in March 1997, but to get a ‘baseline’ for each tree all WTCs were
operated at ambient conditions during the first year.  The treatment with elevated CO2 commenced
in March 1998, which was before the start of photosynthesis at Flakaliden, and has since then been
running continuously.  Three chambers on each plot have ambient CO2 concentration (360 µmol
CO2 mol-1) and the other three have a CO2 concentration of 700 µmol CO2 mol-1.  The goal is to
maintain the CO2 concentrations within ! 1% of the set target concentration of 360 and 700 µmol
CO2 mol-1, respectively.  The targets for temperature and dew point temperature are set to be within
! 1 oC, for air temperature and ! 2 oC for dew point temperature.

Air samples are continuously taken from each WTC and analysed in sequence for CO2
concentration and dew point temperature.  The time for a complete sequence is 45 minutes.

Figure 11.8 An example of the environmental control in the WTCs in terms of air temperature (A) and dew point
temperature (B). The values shown are all measurements in one WTC between 5th and 31st of May, 1999.

An open gas exchange system, with 34 temperature controlled shoot cuvettes, was installed during
1996.  Eighteen out of the 34 shoot cuvettes have been used for continuous monitoring of one-year-
old shoots on trees inside as well as outside of the WTCs.  The remaining cuvettes have been used
for measuring other age classes of shoots, stem respiration, and for campaign measurements of A/Ci
and light response curves.  These measurements enable testing and validation of up-scaling of gas
exchange measurements from single shoots to whole trees (Wallin et al., 2000).
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11.4.5  Preliminary Results

Performance of the chambers

Except for some initial problems of maintaining a constant pressure in the CO2 line from the CO2
bottles (freezing valves), the WTCs have functioned up to expectations (Figure 11.8).  The control
of air and dew point temperature has been better than the set protocol, and after the intial problems
the CO2 control has been satisfactory.

4.3.2 Effects of elevated CO2
Most of the gas exchange results are still under processing, but the preliminary results indicate that
after one season of treatment there is a strong down-regulation of photosynthesis in trees treated
with elevated CO2 concentration (Figure 11.9).  On non-fertilised plots in September the average
net carbon uptake per day in one-year-old shoots was only 7% higher in elevated WTCs compared
to shoots in WTCs with ambient CO2 concentration (Figure 11.9).  During the same period the
average diurnal carbon uptake by shoots in WTCs on irrigated-fertilised plots was 17% higher in
elevated than at ambient CO2 concentration.

Figure 11.9 The average diurnal carbon uptake during September 1998 in one-year-old shoots on trees in whole tree
chambers (WTC) at ambient (open bars) and elevated (filled bars) CO2 concentrations, respectively.  The
results shown are the averages of three ambient and three elevated WTCs on non-fertilised and fertilised
plots, respectively.
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Figure 11.10  The diurnal course of photon flux density (a) above (solid line) the canopy and at the position of a shoot
chamber (broken line), CO2 exhange of a shoot in a WTC (b), and the CO2 exhange of a tree in a WTC (c),
during a week in July 1998.  The broken line in sub-pictures b and c indicate an estimated ‘dark’
respiration. (After Wallin et al., 2000)

Comparison of CO2 exchange at shoot, tree and stand level

The pattern of the diurnal course of CO2 exchange was very similar when comparing shoots (Figure
11.10b) with a whole tree (Figure 11.10c).  There was a strong correlation between the daily carbon
uptake by a  shoot  and the tree as well as  between the  tree and the  stand  fluxes measured  by
means of eddy covariance’ technique (Figure 11.11).  This provides a unique possibility to
parameterise and validate process models to separate the different compartment fluxes of the total
flux measured at the stand level.
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Figure 11.11  The relationship between the daily GPP (net photosynthesis + ‘dark’ respiration) between a shoot and a
WTC (upper diagramme), and between a WTC and the stand measured by means of ‘eddy covariance’. The
period is the same as shown in Figure 11.10.

11.5 Soil Warming in Sweden

11.5.1 Background and objectives

A soil warming treatment was installed in the buffer zone of one irrigated (I) and one irrigated-
fertilised (IL) stand, with two 10 x 10 m sub-plots per treatment.  Each heated sub-plot had a non-
heated control plot.  The number of trees per sub-plot varied between 21 and 28 trees, but the basal
area per plot was similar within each treatment.  The reason for using treatments including irrigation
was to reduce the risk of drying the soil as an effect of the soil warming.  The irrigated-fertilised
(IL) stand was approaching canopy closure, with an estimated crown cover of 80%, while the
irrigated stand (I) had less than half the ground cover compared to the IL stand.

The system was tested during the autumn 1994, and the long-term treatment commenced in the
beginning of April 1995.  The objective of the treatment was to shorten the period when the soil
was frozen by one month in spring and autumn, respectively.  During the frost free period the target
was to maintain the soil temperture in heated plots at a temperature 5 oC above the soil temperature
in control plots  (cf. Anonymous 1991).

11.5.2  Design and construction

The design of the soil warming treatment followed in principle the system described by Peterjohn et
al. (1993). Six, 85 m long, heating cables (DEVI Elektrovärme AB, Vällingby, Sweden) per sub-
plot were buried under the humus layer with a spacing of approximately 20 cm.  When supplied
with 230 VAC, the cables had an output of 12.9 W m-1, giving a heating capacity of 65 W m-2.
After cutting through the moss- and humus layer with a knife, the cables were placed on the mineral
soil whereafter the furrows were closed.  To give similar disturbance to both heated and non-heated
plots, the control plots were cut, but without installing cables.

On each plot (heated and control plots) six thermocouples were installed into the first centimetre of
the mineral soil. These sensors were monitored each minute and a mean value calculated every 10
minutes. If the temperature difference between the heated plot and its control was < 4.9 oC the
datalogger activated a relay to supply power to the heating cables, and when the difference was >
5.1 °C the power was turned off.
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11.5.3  Measurements

The height and diameter growth is measured annually.  The diameter growth during the season is
measured weekly by means of manual dendrometer bands and continuously by 25 automatic
dendrometers.  Foliage samples for nutrient and carbohydrate analyses, are taken three times during
the season.  Soil water is collected by means of suction lysimeters and analysed for macro- and
micronutrients.  Sapflow in 50 trees is monitored by means of Granier sensors.

Root dynamics is studied by means of permanently installed ‘minirhizotrones’ and frequent
sampling of soil cores.  To monitor the carbon balance of the forest floor, an automatic gas
exchange system consisting of eight chambers are used from snow melt to snow fall each year.  The
system is developed in collaboration with Prof. S.T. Gower, University of Madison.

11.5.4  Preliminary results

The soil heating system has functioned extremly well and the target value of a soil temperature
increase of 5 oC ,at a depth of 10 cm, has been maintained throughout the treatment periods (Figure
11.12).

The earlier soil thawing in spring and later freezing in the autumn has resulted in increased
mineralisation of soil organic matter, which can be seen as improved concentration of most
nutrients in the needles.  The effect was most pronounced during the first years' of warming, but
was still apparent after the fourth season of warming.

Earlier access to water in spring results in an earlier start and faster spring-recovery of
photosynthesis (Berg and Linder 1998).  The extended season of photosynthetic production, in
combination with improved nutrition, has after five years resulted in a 50 increase in volume
production on the irrigated and heated plots, when compared with their unheated controls.  The
response to soil warming in irrigated-fertilised plots was lower (approx. 15%).  The reason for this
is that these plots already had optimal nutrition and the positive response is interpreted as being the
effect of a longer season.

Figure 11.12  The seasonal course of soil temperature at 10 cm in irrigated plots, with and without soil warming.  The
warming took place between first week of April to the last week of October.  The target value for the
warming was an increase of 5 oC.
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After four years of warming, there was a major effect of the treatment on the soil fluxes of CO2.  A
major temperture acclimation had occurred and there was only a small difference in soil CO2 flux
between heated and non-heated plots (Figure 11.13).  The reason for this change in temperature
response is not understood, but can be a combination of several factors, e.g. change in substrate
quality, change in size and composition of the microbial community, altered rate of production and
turnover of fine-roots, etc..

Figure 11.13  The night time soil CO2 fluxes on an irrigated  unheated (open circles) and heated (filled circles) plot,
during late autumn 1998.  Each point represents the mean value of four respiration chambers. The values
marked with X represent two frost nights.
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